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ABSTRACT

A Trans-Laminar-Reinforced (TLR) composite is defined as composite laminate

with up to five percent volume of fibrous reinforcement oriented in a "trans-laminar"

fashion in the through-thickness direction. The TLR can be continuous threads as in

"stitched laminates", or it can be discontinuous rods or pins as in "Z-Fiber rM'' materials. It

has been repeatedly documented in the literature that adding TLR to an otherwise two
dimensional laminate results in the following advantages: substantially improved

compression-after-impact response; considerably increased fracture toughness in mode I

(double cantilever beam) and mode II (end notch flexure); and severely restricted size and

growth of impact damage and edge delamination. TLR has also been used to eliminate

catastrophic stiffener disbonding in stiffened structures. TLR directly supports the

"Achilles' heel" of laminated composites, that is delamination. As little as one percent

volume of TLR significantly alters the mechanical response of laminates.

The objective of this work was to characterize the effects of TLR on the in-plane

and inter-laminar mechanical response of undamaged composite laminates. Detailed finite

element models of "unit cells," or representative volumes, were used to study the ,effects

of adding TLR on the elastic constants; the in-plane strength; and the initiation of

delamination. Parameters investigated included TLR material, TLR volume fraction, TLR

diameter, TLR through-thickness angle, ply stacking sequence, and the microstructural

features of pure resin regions and curved in-plane fibers. The work was limited to the

linear response of undamaged material with at least one ply interface. An inter-laminar

dominated problem of practical interest, a flanged skin in bending, was also modeled.

Adding a few percent TLR had a small negative effect on the in-plane extensional

and shear moduli, _, Ey and G,_, but had a large positive effect (up to 60 percent) on the

thickness direction extensional modulus, E_. The volume fraction and the axial modulus of

the TLR were the controlling parameters affecting Ez. The out-of-plane shear moduli, G_

and Gr_, were significantly affected only with the use ofa TLR with a shear modulus an

order of magnitude greater than that of the composite lamina. A simple stiffness

averaging method for calculating the elastic constants was found to compare closely with

the finite element results, with the greatest difference being found in the inter-laminar

shear moduli, G= and Gr,. The unit cell analyses results were used to conclude that in-

plane loads are concentrated next to the TLR inclusion and that the microstructural

features of pure resin regions and curved in-plane fibers slightly lessen this stress
concentration. Delamination initiation was studied with a strength of materials approach

in the unit cell models and the flanged skin models. It was concluded that if the formation

of a transverse crack is included as a source of delamination initiation, the addition of TLR

will not be effective at preventing or delaying the onset of delamination. The many

benefits of TLR may be accounted for by an increased resistance to delamination growth

by crack bridging phenomenon, which is best studied with a fracture mechanics approach.



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

This chapter contains an overview and comprehensive literature review. Important

terms are defined and a brief history and general state of the art are discussed. The chapter

closes with a section stating the purpose and scope of this research, and how it fits within

the general realm oftrans-laminar-reinforced composites.

1.1. MOTIVATION

"Composite materials," are materials composed of two or more constituents

distinguishable on the macroscopic scale. Composite materials have a wide range of

tailorable properties. When modem polymers or plastics are combined with high

performance fibers such as carbon or glass, strong, stiff and lightweight materials result.

These composites have demonstrated tremendous advantage in applications where weight

and performance are critical factors. However, in applications where cost is a limiting

factor, composites have been slow to make inroads against traditional engineering

materials such as steel and aluminum. There is no question that composite materials offer

tremendous potential in an almost unlimited variety of applications. However, to realize

that potential, much work needs to be done in the areas of design, failure and cost.

1.2. OVERVIEW

Advanced polymeric matrix composites have a long and successful history in

applications where performance and weight are overriding factors. Their wide spread use



in structuralapplicationshasnotbeenachieveddueto limitingfactorssuchashighcost,

low damageresistanceandlow damagetolerance'.Themostcommonform of advanced

compositein structuralapplicationsis layersof fibrousreinforcementin a surrounding

matrix. Thesecomposite"laminates"areplaguedbya welldocumentedinter-laminar

weakness.Themechanicalresponseof theregionbetweenthepliesof a laminateis

controlledby therelativelyweakmatrix. Thisweaknessresultsin a low damageresistance

andlow damagetolerance,andis demonstratedby largeimpactdamageareas,low

compression-after-impactstrength,low fracturetoughness,etc. Damagetoleranceand

damageresistancearevery importantconsiderationsin aerostructuressuchascommercial

aircratt. Generaldiscussions/overviewsof damagetolerance,delamination,andconcepts

for their improvementmaybefoundin [1-3].

In general,therearetwo approachesfor strengtheningtheinter-laminarregion.

Themechanicalresponseof thematrixcanbechangedby usingdifferentmatrixmaterials

and/oraddingparticlesor filmsbetweentheplies(e.g.interleaving).Strongerandtougher

resinsaregenerallydifficult to processand/orareprohibitivelyexpensive.Alternatively,

fibrousreinforcementmaybeincludedacrosslaminainterfacesina trans-laminarfashion.

Stitchingthrough-the-thicknessisanexampleof trans-laminarreinforcement(TLR).

However,theuseof TLR is increasing.Onlysmallamountsof out-of-planereinforcement

(volumefractionslessthanfive percent)arerequiredto significantlychangethe

mechanicalresponseof the laminate.Establishedanddevelopedprocessessuchas

"Damageresistanceis measuredbythesizeor amountof damagefor a giveneventand
damagetoleranceis measuredbytheperformance&the material or part for a given

damage size.



industrialsewing/stitchingandnewprocesses/materialssuchasZ-FiberTM offer economic

means of achieving TLR, or through-thickness reinforcement.

The concept of three-dimensional (3-D) fibrous reinforcement has been around a

long time. Three-dimensionally reinforced carbon-carbon composites have been studied

and manufactured since the 1960's. More recently, research efforts have increased in the

area of 3-D polymeric matrix composites. Many composites utilizing fibrous

reinforcements in the form of 3-D weaving, 3-D knitting and 3-D braiding, do not have the

same inter-laminar problems as laminates. Such true 3-D textile composites generally

have significant volume fractions of fiber in all three directions, and hence do not have a

simple layered structure. The following discussion will focus on the topic oftrans-laminar

reinforcement (TLR) of an otherwise 2-D laminated composite. The important

distinction is that only small amounts of TLR modify an otherwise laminated structure.

TLR composites in this work are defined as laminated fiber-matrix composites with

thickness direction fibrous reinforcement totaling five percent or less of the total volume

of the laminate. The number five percent is somewhat arbitrary, and may be redefined as

research in this field continues.

Trans-laminar reinforcement" (TLR) has two general forms: continuous and

discontinuous (see Figure 1-1). Continuous rovings, threads, yarns or tows can be

inserted into the lamina with the use of industrial sewing/stitching technology.

Discontinuous trans-laminar reinforcement (in the form of short fibers, whiskers, pins,

""Trans-laminar-reinforcement" is used here as a general term encompassing several

different phrases commonly used in the literature. Some examples include "through-

thickness", "through-the-thickness", "Z-direction", and "inter-laminar".



etc.) canalsobeusedto bridgetheinter-laminaregion. Whencomparedto similar

unreinforced(2-D) laminates,bothcontinuousanddiscontinuoustrans-laminar

reinforcementhavebeenshownto significantlyimproveinter-laminardominatedresponses

suchascompression-after-impactstrength,fracturetoughness,andinter-laminarshear

strength.

Thefollowing sectionsareintendedto presentageneraloverviewand

comprehensiveliteraturecitationoftrans-laminar-reinforced(TLR) composites.Although

afew referencescanbefoundwhereTLR has been applied to ceramic matrix composites

[4, 5] and carbon-carbon composites [6], this work and the vast majority of published

TLR research has dealt with polymeric matrix composites. Stitched laminates will be

discussed first and in greater detail, as the vast majority of published research and available

data deals with stitched materials. Discontinuous TLR composites are discussed in section

1.4 while section 1.5 provides a general review of analysis and modeling. Section 1.6

closes the chapter with summary comments and a discussion of the objective, approach

and scope of this research.

1.3. STITCHED COMPOSITES

Previously published reviews of stitching can be found in the papers of Dransfield,

Baillie and Mai [7, 8]. While they cover many of the important concepts, there is a vast

amount of stitching research documented in U.S. government reports (e.g. NASA, DoD,

Army, etc.) that is not cited in these two papers'. This review includes many such

" Access to government reports included personal contacts with various authors and the

grateful use of both facilities and services of the NASA Langley Technical Library.



documents. While some of these documents may not be readily accessible to the general

public, this work is intended to be as comprehensive a bibliography of TLR research as

possible.

Low density stitching (small threads and few stitches per unit area) is finding

increasing use as a means of stabilizing dry fabric preforms. Stitched preforms are made

into composites by liquid molding processes such as resin transfer molding (RTM) and

resin film infusion (RFI). Such use of stitching technology aids the automation of

composite processing. When used in conjunction with RTM or RFI, stitching offers great

potential for cost effective composite manufacturing (see for example [9-15]). The

"multiaxial stitching" described in [ 15] is actually a multiaxial warp knitting process. Both

knitting and stitching can produce some of the same textile looped-knotted-stitched

structures. In general, knitting refers to the formation of fabric from yarns or tows and is

an integral part of the initial fabric forming process. Stitching (which can be multi-needle)

describes the process of tying together layers of previously formed fabric. High density

stitching (larger threads and more stitches per unit area) can be used to enhance the

properties of composite materials and structures. Of course both benefits, economical

manufacturing and improved mechanical properties, can be achieved at the same time.

References [ 16-22] document some of the earliest published stitched composites

research. The author's results varied, but one consistent conclusion was that significant

in-plane fiber damage occurred when stitching prepreg. The in-plane fibers of prepregs,

held in place by the matrix, were severely damaged by the needle and thread of the

stitching process. This realization that significant damage occurs when prepreg is stitched



has been echoed by several authors, with [ 17] being the earliest citation found. The

majority of recent development work found in the literature has dealt with stitching the

fiber preform before impregnation with the matrix, followed by consolidation by liquid

molding. Less fiber damage results since the in-plane fibers are free to move slightly and

allow the stitching needle and thread to penetrate the preform.

1.3.1. SELECTIVE STITCHING

Selective stitching, that is stitching in a localized area only, has been investigated

for joining applications and as a means of handling the inter-laminar stresses near a free

edge. In references [23-26], the study of stitched and unstitched lap joints is discussed. A

single row of stitching near the end of a single lap joint improved tension strength up to 38

percent [23]. References [25-31] studied the attachment of stiffeners to flat panels with

stitching. In [21] and [22], several trans-laminar reinforcement concepts including

mechanical fasteners and stitching were studied for use in stiffener attachment. Reference

[21 ] refers to carbon fiber laminates for aerospace applications while reference [22] refers

to fiberglass laminates for marine applications. Compared to bonding/co-curing alone,

stitching completely eliminated stiffener separation as a failure mode in compression [29,

30] and improved the stiffener pull-off strength by factors of two to ten [28]. In general,

attachment by stitching has been shown to consistently offer significant improvements

over simple bonding/co-curing or mechanical fastening.

The use of stitching to suppress edge delamination in tension was experimentally

evaluated in [32-35]. In references [26] and [34] stitching was tried around an open hole.

Finite element analysis was used in [36] and [33] to stitched laminates, with the results of
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the analyses leading to the conclusion that the stitches must be very near the free edge to

be effective. Although results varied somewhat, in practical terms, these research efforts

suggest that it is unlikely that stitches can be close enough together and near enough to

the free edge to effectively counter the free edge inter-laminar stresses that lead to

delamination. However, stitching consistently and significantly restricted delamination

growth once initiated.

1.3.2. COMPREHENSIVE STITCHING

In addition to stitching in targeted areas only, a great deal of research has been

done on comprehensive stitching, or stitching in a particular pattern across an entire part

or panel. The terms "selective" and "comprehensive" stitching are somewhat arbitrary,

but can provide helpful classification. Comprehensive stitching may be used in reference

to material issues (e.g. material properties) while selective stitching refers to structural

issues (e.g. joints). Most early comprehensive stitching research was done with woven or

uniwoven fabric composites. Reference [37] appears to be the sole published work

concerning the stitching together of 2-D braided fabrics. Early data for stitched multi-axial

warp knits can be found in [38-4 ] ]. The stitched multi-axial warp knit became the

material of choice for the development of" a stitched wing for commercial aircraft

documented in [42-47]. The vast majority of'stitching research efforts have been

experimental with many different exploratory and often similar investigations.

These efforts have shown that when compared to similar unstitched materials,

stitched laminates have increased damage tolerance (e.g. higher strength for a given

damage size) and damage resistance (e.g. smaller damage areas for a given impact



energy). Compared to unstitched materials, stitching has been shown to improve

compression-after-impact (CAI) strength by more than 50 percent and ultimate

compressive strain up to 80 percent [10, 16, 17, 30, 32, 37-41, 48-69]. In sublaminate

buckling tests of laminates with artificial delaminations, stitching improved the

compression strength up to 400 percent [68]. For CAI, stitching with first generation

fibers and matrix (AS4 carbon and 3501-6 epoxy) was equally effective as using "state of

the art" toughened material systems [53, 54]. Similar results were found in Tension-after-

impact testing [67, 69]. Compared to unstitched, stitching only slightly affected or did not

affect the impact force required to initiate damage in low velocity impact [70]. Stitching

did raise the peak impact force for a given impact energy [17, 59, 67-69]. Stitching has

also been shown to improve ballistic impact performance [27, 71].

Stitching has also been shown to significantly increase inter-laminar fracture

toughness [48-51, 55, 68, 72-79]. In double-cantilever-beam (DCB) testing, stitching

increased mode I critical strain energy release rate (Gic) by as much as a factor of 30.

This finding is not surprising because stitching directly reinforces the inter-laminar region

in a mode I fashion. Stitching has also been shown to improve the mode II behavior [48,

68, 72, 73, 75]. While 2-D laminates fail catastrophically in end notch flexure testing

(ENF), stitched laminates exhibited a stable crack growth. Stitching has been shown to

increase the mode II critical strain energy release rate by as much as a factor of 15 [68,

75].

These improvements in inter-laminar dominated properties were achieved at a cost

to the in-plane properties. Compared to unstitched materials, high density stitching has
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been shown to reduce in-plane tension and compression strengths by amounts ranging

from almost nothing up to 50 percent (see for example [17, 30, 31, 52, 53, 55, 65, 66, 80-

84]. Stiffness was also degraded in most cases, although to a much lesser extent.

However, in [85], stitching was reported to have improved the ultimate strain under

compression loading at high strain rates, and both stitched and unstitched materials

experienced an increase in the dynamic modulus as the strain rate was raised.

Charpy type impact and flexural test data for stitched and unstitched materials was

reported in [34, 48, 72, 86-91]. For comprehensive stitching, the impact resistance was

increased while in-plane fiexural properties were decreased.

The inter-laminar shear strengths of TLR composites were investigated using

short-beam-shear tests [48, 87, 91] and double-notch-shear tests [92, 93]. The results

reported are somewhat contradictory for cases with small amounts of stitching, but in

general, sufficient amounts of comprehensive stitching was found to improve inter-laminar

shear strength as measured by these tests. In-plane shear properties, as measured by

isopescue [92] and by a "modified rail shear" test, [94] were not significantly affected by

stitching.

While it is important to consider that stitching may reduce undamaged in-plane

tension and compression strength, notched (open hole) properties are often critical design

drivers for structural applications. Open hole tension and compression strengths were not

adversely affected by stitching [54, 61-63, 94, 95]. Independent analysis efforts in [96]

and [97] were used to conclude that 3-D composites can be notch insensitive. Data in

[95] support the idea that stitching may reduce the notch sensitivity in tension.
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Otherimportantstructuraldesignconsiderationsarefatigueandenvironmental

degradation.Comparedto unstitchedmaterials,undamagedfatiguebehavioris relatively

unaffectedby stitchingandstitchinghelpedretarddamagegrowth in fatiguetestingof

damagedandnotchedmaterials[51, 56,61,62,64, 95,97-101]. Theenvironmental

effectsof moistureand/orheatwereinvestigatedandreportedin [83, 84, 100,102-110].

Dueto the complicatedstatesof stressnearstitchesandtheunavoidableresinrich areas

aroundthestitches,microcrackswerefoundto becommon.Stitchedmaterialswerealso

foundto absorbmoistureat a faster rate than unstitched materials. However, compared to

similar 2-D laminates, stitched materials did not experience any worse environmental

degradation of static or fatigue compression properties.

In addition to affecting mechanical properties, stitching has been shown to

significantly affect the quality and accuracy of standard ultrasonic nondestructive

evaluation (NDE) techniques. Various NDE techniques including ultrasound,

photoelasticity and acoustic emission have been used on stitched and 3-D materials [ 111-

116].

1.3.3. STITCHING VARIABLES

The extent that stitching affects mechanical performance is a function of many

stitching variables (see Table 1-1) as well as the quality and proficiency of the stitching

process. It is intuitive that increasing the amount oftrans-laminar reinforcement will

increases fracture toughness, reduce impact delamination size and increase the critical load

for sublaminate buckling. All researchers who studied the effect of the amount of stitching

found this to be the case, that is larger stitching threads and higher stitch densities (stitches
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perunit area)resultedinhigherfracturetoughnessandgreatercompression-after-impact

strength(seefor example[17,30,49,51,52, 55,56,65, 66,68,72, 76,79, 117]).

Table 1-1 Stitching variables.

Stitch Thread Stitch Pattern Stitching Process

material

size (linear density)

finish

twist

stitch density

stitch direction

stitch pitch (step)

stitch row density (spacing)

stitch angle

stitch type

thread tension

needle size/type

stitching machine

While "more stitching" has been shown to consistently improve inter-laminar

dominated properties, it is not clear what stitch thread property is most important.

Experimental results in [30, 117] lead to the conclusion that for a constant impact energy,

CM strength is a function of effective stitch strength (total contribution of stitch thread

strength per unit area of laminate) and is not dependent on stitch thread material or

modulus. Based on the results of an analytical model ofsublaminate buckling in [77, 118],

it was concluded that the TLR or stitch modulus "strongly" affected sublaminate buckling

strength. Based upon the results of finite element modeling of a double-cantilever-beam

(DCB) specimen, the authors of [79] came to the conclusion that stitch thread strength is

more important than stitch thread modulus in determining an effective critical strain energy

release rate, Go. However, computer modeling efforts described in [ 119] indicated that

the ability to suppress delamination depends strongly on the effective axial stiffness of the



13

stitches.Experimentalcomparisonshaveshownnoconclusiveadvantagefor either

Kevlar®, carbonor glassstitchingthreads.Theonlyclear,consistentguidelineis that

largethreadsthatarebothstrongandstiff needto beusedto achievethedesiredinter-

laminarperformance. Sufficientstiffnessmaybenecessaryto structurallycarry load

betweenpliesandsufficientstrengthmaybenecessaryfor survivalof theTLR.

High intrinsicstiffnessandstrengthmaybenecessary,butonly smallamountsare

requiredto significantlychangeinter-laminarresponse.A closed-formsublaminate

bucklingmodeldescribedin [96, 120,121]wasusedto concludethat most3-D

composites(includingstitched)were"overdesigned"in termsof resistingsublaminate

buckling. TLR volumefractionson theorderof 0.1percentaresufficientto suppress

sublaminatebuckling.

Unfortunately,whilemorestitchingwith largerthreadsimprovestheinter-laminar

or out-of-planeperformance,largerthreadsandhigherstitchdensitieslower the in-plane

tensionandcompressionproperties(seefor example[17, 49,52, 53,55,65, 66,94]).

More andlargerthreadsleadto greateramountsof damagedandcurvedin-planefibers.

This subjectof themechanismsinvolvedin thereductionof certainpropertieswill be

expandeduponin thenextsection.However,it is clearfrom theliteraturethat thereisa

tradeoffof loweredin-planetensionandcompressionpropertiesversusinter-laminar

improvement.

This tradeoffwasnotevidentfor in-plane shear properties. Limited data for the in-

plane shear testing of stitched laminates can be found in [92, 94]. Shear modulus (Gxy)

and strength were not significantly affected by stitch density or thread size.
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Stitchdensityandthreadmaterialareonlytwo of themanyvariablesthat should

beconsideredwhenstitchinglaminates(seeTable1-1). Reference[122] presentsa good

discussionof thevarioustypesof stitchesandstitchingmachinesavailablein thetextile

industry. Themodifiedlock stitch(with theknotat thesurfaceof thepreform/fabric)and

thechainstitcharethestitchtypesmostcommonlyusedfor laminatedcomposites(see

Figure 1-1). References[31, 52] discussadirectcomparisonof chainandmodifiedlock

stitchtypesusedto reinforcegraphite-epoxylaminates.Althoughthechainstitched

materialshadmarginallybettermechanicalproperties,themodifiedlockstitchwas

selectedfor continueddevelopmentbecauseof abettercapabilityto stitch largeand

complexpreforms.

Whiletheamountandtypeof stitchingappearto be themostimportant

considerations,agivenstitchdensityandstitchtypecanbeimplementedina varietyof

patterns.Differentzigzag,diagonal,horizontalandsquarepatterns,investigatedin [56,

57], only changedtheshape,andnot thesizeofdelaminationscausedbyimpact. The

fracturemechanicsmodeldevelopedin [51] wasusedto concludethata repeatingpattern

wasmoreeffectiveat resistingdelaminationthanrandomlylocatedstitches. Parallelrows

of stitchingin the0° (loading)directionwerefoundto beequallyeffectivefor

compression-after-impactperformanceasstitchingin boththe0° and90° directionsor

boththe+45 and -45 ° directions [31, 53, 100]. While stitch pattern seems to have little

affect on out-of-plane performance, this is not the case for in-plane properties. References

[17, 31, 60] discuss how stitching perpendicular to load carrying fibers degraded in-plane

properties more so than stitching parallel to the primary load direction. For fibers near the
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surface,greatercrimpingtakesplaceif thepliesareorientedperpendicularto the stitching

direction(that isperpendicularto arow of stitching).

1. 3.4. FAILURE MODES AND MECHANISMS

In addition to displacing the in-plane fibers and thus creating waviness or crimp,

stitching also damages or breaks in-plane filaments and creates resin rich regions next to

the stitches (see Figure 1-2). Many authors have suggested that these microstructural

changes are responsible for the in-plane property reduction (see for example [80, 82, 83,

123]). The technology of stitching fabrics made from high performance fibers has

advanced to the point where stitched laminates can be manufactured with minimal in-

plane fiber breakage. As discussed above, cracks in and around the pure resin regions did

not seem to affect mechanical properties. Hence, fiber waviness appears to be the driving

factor for in-plane property reduction, particularly in compression [31, 82, 83, 123].

As expected with significant changes in mechanical properties, failure modes are

altered by the addition of TLR. In failure under compressive loading, delamination,

brooming and sub-laminate buckling are suppressed, allowing the laminate to fail in a

"transverse shear" mode (see for example [16, 50, 54, 99]). Detailed observations of

compression failure in stitched laminates [123-125] revealed the key damage sequence to

be the micro-buckling of load bearing fiber bundles followed by the formation and unstable

propagation of kink bands. While stitching played "no obvious part in initiating or

moderating failure," failure was sudden and catastrophic making detailed observations of

the failure sequence difficult [125]. High speed video was used to observe the

compressive failure of stitched laminates [83].
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Figure 1-3showssomeof thecapturedvideoimages.Thesefindingssupportthe

hypothesisthatstitchingcausedlocalmisalignmentof the loadbearingpliesandhence

loweredthestrengthascomparedto unstitchedmaterial. As othershavealsoobserved,

post failureinspectionof compressionloadedstitchedlaminatesimpliedfailure in a45°

shear band. Considered as a whole, a laminate that has failed in a "transverse shear" mode

bears a close resemblance to the small kink bands discussed in [123-125]. It is possible

that the TLR holds the individual plies of a laminate to together during failure and does

not allow formation of"kink bands" at the ply level. In effect, a single large kink band may

be formed at the laminate level. This idea is consistent with the observations of the

various researchers, especially considering the great difficulty in detailed observations of

rapid catastrophic failure.

Under tensile loading, stitching suppressed delamination and longitudinal splitting

at failure [49, 50]. According to the authors of [123], systems ofmicrocracks that

develop in tensile-loaded TLR composites are periodic cracks normal to the applied load

in transverse plies and shear cracks in off-axis plies. These cracks are very similar to those

found in traditional tape laminates. Although the TLR minimizes delamination at large

strains, ultimate failure accompanies rupture of the aligned plies in a similar manner to

laminates without TLR [ 123 ].

In tension-tension, compression-compression, and tension-compression fatigue,

stitching retarded existing delamination growth and changed the sequence of damage

accumulation [95, 97, 98, 100].
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Under flexural loading, failure changed from a catastrophic, matrix-dominated,

delamination predominate failure in the unstitched case, to a more gradual, fiber-

dominated failure with fiber breakage, fiber buckling, debonding and fiber pullout in the

stitched materials [87-89].

1.4. DISCONTINUOUS TLR

Trans-laminar reinforcement does not have to be a continuous thread that traverses

the laminate thickness and then loops back into the laminate. The TLR can be a

discontinuous pin or rod traversing the lamina at some arbitrary angle through-the-

thickness (see Figure 1-1).

Short steel wires were used as TLR in two independent investigations discussed in

References [ 126] and [ 127]. Compared to similar 2-D control laminates, inter-laminar

shear strength was improved as much as 50 percent while less catastrophic and more

gradual failures resulted. Inserting the discontinuous TLR at an angle 45 ° to the laminate

plane (rather than normal to the plane) was found to effect the greatest improvement in

inter-laminar shear strength. These improvements were brought about by TLR volume

fractions on the order of only one percent [126, 127].

The fabrication and testing of another form of discontinuous TLR is discussed in

[ 128-132]. The described "Z-fiber TM " materials consisted of composite laminates with

TLR in the form of discontinuous pins with a diameter ranging from 0.010 to 0.020

inches, and TLR volume fractions ranging from 0.5-5.0 percent. The addition of these

pins through-the-thickness resulted in the same kind of inter-laminar property
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improvements as stitching. In a stiffener attachment study documented in [132], a

comparison was made between Z-fiber TM TLR, mechanical fasteners and simple co-curing

without TLR. As was found for stitching, Z-Fiber TM out performed simple co-curing and

mechancial fasteners. Z-Fiber TM materials were also compared to similar materials without

TLR in [130, 131]. Compression-after-impact strength was improved up to 50 percent,

impact damage areas were reduced up 55 percent, and critical strain energy release rates

(G_o) were increased by a factor of 18. As was the case with stitching, in-plane tension

strength decreased with increasing TLR diameter. However, these TLR materials retained

91-98 percent of the tension strength of the 2-D materials. Up to 100 percent of the

unreinforced compression strength was retained. The addition of the Z-fiber TM pins

resulted in a 70 percent increase in the load required for the onset of edge delamination in

tension. The edge delamination resistance was also a function of the density of the Z-

fiber TM pins [130, 131].

These data support the conclusion that the surface loop found in stitching is not

necessary to achieve the desired performance improvements. While the surface loops and

knots of continuous stitching may be useful in holding a debulked state in a dry fiber

preform, it may be a liability in the final composite. These loops and knots result in the

kinking of the in-plane fibers near the surface [80-82]. In these investigations, the surface

loop was removed from already fabricated materials (stitched and 3-D woven) by

machining away part of the outer layer of material. Undamaged compression strength was

improved up to 35 percent, CAI strength was increased by 11 percent, while impact

damage size was unaffected. There was no apparent change in failure modes and
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mechanisms[80-82]. ContinuousanddiscontinuousTLR havealsobeencomparedby

usingseparatefracturemechanicsmodels.ThesuperiorityinmodeI fracturetoughnessof

continuousor discontinuousTLR structurewasdependenton theTLR length,stiffness

andstrength,astheseparameterswouldaffectthe loadtransferinto andbytheTLR [78].

WhilediscontinuousTLR offerssimilaror perhapssuperiorperformance

characteristicscomparedto stitching,technologyfor manufacturingdiscontinuousTLR

materialsis muchlessmature.Industrialsewingtechnologyis well establishedandusedin

manyindustrialtextileapplications.Little if anymodificationsarerequiredto stitchfabrics

of advancedfibers. FordiscontinuousTLR, suchreadilyadaptablemethodsarenot

availableandnewtechnologiesarenecessary.TheRussiandevelopmentof automated

methodsof insertingshortfibersinto laminatesisdiscussedin [127, 133,134].°

References[128-132]describethe"Z-fiberTM process" mentioned above (see Figure 1-4).

The Z fiber process uses foam in the form of a sheet or tape. The foam contains short

pins oriented perpendicular to the XY plane of the sheet. This foam layer is stacked

within a standard prepreg bagging sequence used for curing. A release film is placed

between the foam and the laminate. A steel shim or backing is placed over the foam. This

entire assembly is autoclaved, where the pressure collapses the foam and inserts the fibers

into the laminate which is softened by the heat needed for curing. The foam provides

lateral support as the rods or fibers start into the laminate. After curing, the collapsed

foam is simply peeled away leaving a trans-laminar reinforced laminate. Z direction

" A thorough review of Russian literature was not included in this work.
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reinforcement(TLR) is thusobtainedin aconventionalprepreg-autoclaveprocess.The

in-planefibersareminimallyaffected,resultingin little fiberdamage[128, 129,131].

Anothermethodof insertingpinsutilizesultrasonicvibration. Basedupon

experimentalfindingsdiscussedin [134], it wasconcludedthat ultrasonicvibration

significantlyincreasestheeasewithwhichpinsareinsertedinto a laminate.An

ultrasonicallyassistedinsertionprocesshasbeendevelopedandmadecommercially

available[ 132]. TheUltrasonicallyAssistedZ-FiberTM (UAZ) proces s uses the same foam

preforms containing the TLR pins. An ultrasonic horn, rather than autoclave pressure, is

used for the insertion step. Using this technique allows insertion of Z-Fiber TM into cured

laminates as well as prepreg and preform materials. Thus, in addition to the already

discussed applications, UAZ has tremendous potential for repair of composite structures

[132].

As with stitching, these discontinuous trans-laminar reinforcement methods may be

used in selective areas for structural bonding, stiffener attachment or as reinforcement near

holes or other stress concentrations. Unlike stitching, a discontinuous TLR process offers

the potential of being utilized in many of the conventional 2-D composite manufacturing

process (e.g. tape layup, vacuum bag-autoclave, compression molding, pultrusion,

filament winding and automated tow placement) [ 130]. However, discontinuous TLR

may or may not be suitable for the debulking and stabilization of dry fiber preforms for use

in subsequent resin transfer molding.
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1.5. ANALYSIS AND MODELING

The manufacture and testing of composite structure is often prohibitively

expensive, especially given the wide range of material parameters that may be varied.

Hence, if TLR materials are to be extensively used in structural applications, effective and

accurate analysis/modeling techniques must be available. This section discusses modeling

efforts reported in the literature. Empirical modeling is discussed first, followed by a

general review/overview of analytical modeling, and ending with a focus on fracture

mechanics type approaches. The discussions herein are kept fairly brief with the reader

being referred to the appropriate references for pertinent details.

1.5.1. EMPIRICAL MODELING

A large majority of the TLR literature has focused on exploratory investigations

(often repetitive) with fewer efforts aimed at prediction of material behavior. Several

experimental studies have been conducted to examine the tradeoffs of in-plane properties

vs. inter-laminar (out-of-plane) dominated properties in stitched materials. Two separate

experimental programs resulted in empirical formulations in [55] and [65, 66]. These

relations predicted tension, compression and compression after impact fairly well over the

limited range of parameters and materials studied. Two separate experimental studies,

documented in [17] and [13, 30, 31, 52, 117], arrived at very similar sets of optimum

stitching parameters. Reference [ 17] describes the development of stitched composites for

turbine fan blade applications. The resulting optimum stitching was selected to be 40
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stitches/in2with a 1000denier"Kevlar®29 thread.References[13, 30, 31,52, 117]

summarizetheongoingdevelopmentof stitchedcompositesfor usein theprimarywing

structureof transportaircratt. BalancingincreasedCAI strengthwith lower tensionand

compressionstrengthresultedin asimilarselectionof stitchingvariables.

Laminatetheoryhasbeenappliedto stitchedlaminatesusingexperimentally

determinedstitchedlaminaproperties[30,31]. In-planestiffnesswaspredictedfairlywell

for theonesetof stitchingparametersstudied,but themodifiedlaminatetheoryunder

predictedcompressionandtensionstrengthsby30percentand 15percentrespectively.

An empiricalapproachwasalsousedin [97] to modelthe postimpactfatigueof

stitchedlaminates.Theexperimentalfatigueliveswerepredictedto within oneor two

factors.

1.5.2. ANALYTICAL MODELING

TLR composites are distinguished from laminates by the addition of fibrous

reinforcement through-the-thickness. The lamina of TLR materials may be derived from

textile fabrics or traditional unidirectional tape. No matter the lamina form, TLR materials

may be considered a subset of"textile composites" due to their 3-D nature. TLR

laminates are distinguished from other 3-D textile composites (e.g. 3-D weaves, 3-D

braids, etc.) due to the small amounts of fibrous reinforcement in the thickness direction

(on the order of one percent volume). True 3-D textile composites contain significant

volume fractions of fiber in many directions, and may or may not have a simple layered

" "denier" is unit of measure for linear density. One denier is equivalent to one gram per

9000 meters.
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structure. Development, analysis and modeling of textile composites is currently an active

research area. In so far as the same or similar techniques and assumptions apply to both

TLR and the more general "textile composites," the discussion in the following paragraphs

will be broadened to include analysis methods for textile composites. Independent reviews

of analytical methods for textile composites can be found in [123, 135-139]. Only a

general discussion will be given here. For specific models and their references, the reader

is referred to these excellent review articles.

In the mechanics of composites field there is a large variety of analysis methods

and analysis products available. Compared to homogeneous metallic materials, composite

laminates have inherent material inhomgeneity and complex microstructures that make

them difficult to analyze and model, particularly with regard to material and structural

failure. The microstructure of textile composites involves yet another level of complexity,

as the basic structural blocks are individual yarns or tows rather than simple sheets or

layers. These yams or tows are oriented in, and interact in all three dimensions. Thus,

analysis problems are compounded when it comes to textile composites. Given the degree

of difficulty involved, it is very important to consider the objective when selecting an

analysis method for textile composites. If engineering elastic constants (stiffnesses) are all

that are required, relatively quick and simple analyses are available with adequate

accuracy. If the objective is predictions of strength, damage tolerance, etc., an entirely

different level of analysis is necessary. The models reviewed in [135-138] deal primarily

with predictions of elastic constants. The reviews found in [123, 139] also include more

recent efforts at strength predictions. In addition to reviewing publicly available mode!s



and their codes, reference [ 123] also provides an in-depth discussion of the concepts

underlying the simplifying assumptions necessary for textile modeling.

As proposed in [135], textile analysis methods may be placed into three broad

categories; 1) Elementary Models, 2) Laminate Theory Models, and 3) Numerical

Models.
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A brief discussion of these three groups and how they apply to TLR composites

follows.

1.5.2.1. Elementary Models

The authors of [135] briefly discusses a variety of fiber-matrix models based on

strength of materials approaches. They state that few of these elementary models "have

achieved broad acceptance beyond their limited range of applicability". In [ 123] the

authors also distinguished fairly simple and elementary models and methods. They include

"orientation averaging" methods among theses simple modeling approaches.

Orientation averaging is based on the assumption that the textile can be

represented by a periodic configuration known as a "unit cell." The unit cell is composed

of individual segments of unidirectional composite. Curved tows are broken into short

segments of straight fibers. Isostrain, isostress or a combination of both is assumed. The

spatial orientation and volume fractions of the segments are known, allowing sliffnesses or

compliances to be transformed to the global coordinate system using tensor

transformation. The transformed stiffnesses or compliances are then averaged over the

volume of the unit cell'. Applying this methodology with the isostrain assumption is

known as stiffness averaging. In a one dimensional consideration stiffness averaging
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follows the derivation of the familiar rule of mixtures equation for longitudinal stiffness of

a unidirectional composite:

E_ = ErVr+ EmVm

Equation 1-1.

Orientation averaging with the isostress assumption is known as compliance

averaging. In a one dimensional consideration it follows the derivation of the familiar rule

of mixtures equation for transverse stiffness of a unidirectional composite:

1 Vr Vm
_ +

F_a Er Em

Equation 1-2.

Here E is the Young's modulus and V is the volume fraction. The subscripts I and t

refer to the longitudinal and transverse directions of the unidirectional composite while m

and f refer to the matrix and fiber constituents, respectively.

Properly applied orientation averaging will predict the fiber dominated material

elastic constants with adequate accuracy, even for fairly complex textile geometries. From

energy considerations, stiffness averaging (isostrain) will always provide a lower bound,

while compliance averaging (isostress) provides the upper bound [123]. However, even

under simple loading, neither isostrain nor isostress conditions actually occur throughout

the internal microstructure of even a fairly simple unit ceil. In addition, real textile

composites contain sufficient geometrical irregularities to raise serious questions as to the

" For more detail, see [123], and section 3.3.
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validity of modeling with a unit cell of"ideal geometry." These errors are usually not

significant in the determination of global-macroscopic elastic constants. However,

detailed and accurate stress-strain information is necessary for failure analysis. Hence,

orientation averaging is not suitable for the analysis of strength, damage initiation, damage

progression, etc.

1.5.2.2. Laminate Theory Models

Classical Laminate Theory (CLT) has long been used to model conventional 2-D

(tape) laminates. The history and development of applying the principles of plate/laminate

theory to textile composites is discussed in [135]. As suggested, "most of these plate

bending/stretching models have two-dimensional (2-D) applications in mind, and so do not

address the out-of-plane composite properties." As is noted in [123], for a 2-D laminate,

orientation averaging with isostrain conditions is equivalent to standard laminate theory

for in-plane deformations. Hence, these two methods yield similar results for "quasi-

laminar" textile composites (e.g. 2-D woven laminates and 2-D braids). TLR composites

may be considered quasi-laminar, and some of these type models could be adapted for use

with TLR. However, as just noted, models based on laminate theory do not address

thickness direction or trans-laminar properties and behavior. Hence, they are not suitable

for most of the applications for which TLR is required, that is joining, damage resistance,

etc. In addition, laminate theory approaches do not allow accurate and detailed

representation of stress and strain within the modeled microstructures. Hence they have

the same limitations that orientation averaging methods have. As noted in the previous

section, the direct application of laminate theory to TLR with the use of experimentally
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stiffnesses, but inaccurate predictions of strength. Such methods are also limited to the

one set of TLR parameters used to generate the lamina properties.
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1.5.2.3. Numerical Models

Numerical methods such as finite element analysis (FEA) provide the most general

and adaptable modeling method. There are many different general purpose FEA codes

commercially available. As discussed in [123], the macroscopic stiffnesses of textile

composites can be calculated with FEA. Typically this involves building the macroscopic

stiffness matrix by applying six independent sets of homogeneous boundary conditions

(displacements). For each case a global, or macro average stress is obtained by integrating

either the internal stresses or the boundary tractions. The elastic constants are calculated

by relating the applied displacements (that is strains) to the average macrostress.

Since full field displacement, strain and stress results are available throughout a

FEA model, failure analyses are possible. However, due to the level of detail required for

3-D textile microstructures, this type modeling is both computationally and labor

intensive. Even considering recent and continuing advances in computational hardware

and software, general purpose FEA codes may not be suitable for use in the general design

of textile composites and their structures for the next decade.

To alleviate some of these drawbacks, materials researchers using FEA to study

textile composites have often employed simplifying assumptions and approximate

modeling methods. These modeling short cuts can be classified into two categories: 2-D

approximations and improvements in meshing. Although 2-D approximations are often
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used, plane strain or plane stress assumptions are not applicable in most cases due to the

inherent 3-D geometry of 3-D textiles. Detailed meshing of 3-D structures is becoming

easier with advances in 'state of the art' solid modelers and automatic meshers. Another

meshing shortcut that has been employed in the modeling of textile composites is the use

of heterogeneous elements. In a heterogeneous element, different regions of the element

are assigned different material properties. During the generation of the element stiffness

matrix, the local material stiffness is determined at each Gaussian integration point. When

these heterogeneous elements are used, the FEA mesh is not required to map directly to

the microstructural geometry. With different material properties allowed within the same

element, larger elements may be used. However, the stresses in heterogeneous elements

may converge slowly with respect to mesh density [ 123].

Another problem with the traditional finite element approach is that the modeling

is restricted to a representative and idealized unit cell. In real textile composites the

microstructure will vary significantly from unit cell to unit cell. Unavoidable and irregular

features such as fiber waviness, crimping, changing yarn cross-sections, etc. play a very

important role in failure mechanisms [ 123, 140]. While giving detailed information, unit

cell modeling does not account for the significant geometrical irregularity commonly

found in even the best textile composites. In fact, this observation led the authors of [140]

to "infer that detailed analysis of local stress distributions based on finite element

simulations using highly refined grids to represent geometrically ideal unit cells are of

questionable value in predicting strength." Although the calculation of average stress and
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elastic constants is not sensitive to these typical geometrical irregularities, accurate

calculation of elastic constants can be done with much simpler methods.

The authors of [140] did not discount FEA methods in general, only the

supposition that "ideal" unit cells are useful in modeling strength and failure. In fact they

proposed a new modeling technique based on the numerical finite element method. In

their "Binary Model" the textile composite is simulated by only two types of element; 1)

tow elements, representing the reinforcing fibers and 2) effective medium elements

representing everything else. This simplification along with the inclusion of a method

allowing for the statistical variation in geometry, enabled the modeling of a more realistic

textile composite microstructure. This model may be particularly useful for analysis of

complicated macrostructure (e.g. stiffener attachment, thickness changes, etc.) where

"ideal" periodic unit cells can not be identified. For details, see [101, 123, 141, 142]. This

binary model has been thus far developed primarily for the study 3-D woven composites.

Although a more general application is possible, the published literature only shows its use

with the 3-D weaves. Although its originators also performed some experimental studies

of stitched composites, their analytical work on TLR composites has taken the direction of

the study of bridged crack phenomenon (see next section).

Another specially developed numerical model was reported in [119, 143]. This 2-

D model was based on a higher order plate theory with the TLR modeled as springs. It

was intended to help designers determine the "optimum" stitching for stiffener/structure

attachment. Model details are given in [ 119] while correlation with experiment and

parametric studies are discussed in [143].
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Other researchers have also applied general purpose FEA modeling to TLR

materials [33, 36, 79, 106-108, 110, 144]. Two dimensional approximations were made

with plane strain assumptions in [36, 79] and axisymetric assumptions in [108, 110].

Three dimensional FEA models were used and the results reported in [33, 106, 107, 110,

144]. The TLR (stitches) were modeled with spring, rod or beam elements in [33, 36,

79]. These approaches did not capture many of the important microstructural features

(e.g. induced in-plane fiber curvature and pure resin regions) that are known to exist. In

[ 106-108] the TLR and other microstructural features were modeled in detail, but the

investigations were limited to thermal effects. The results of a limited investigation of

extensional moduli and Poisson's ratios (3-D) is reported in [144], but the models were

limited to one layer with no inter-laminar interface. To date, there have been no detailed

investigations using general purpose 3-D FEA to study the mechanical response of TLR

composites. Particularly lacking are considerations of macroscopic shear behavior.

Numerical modeling is not limited to the finite element method. The development

of a one dimensional micromechanical model is described in [145]. The model consists of

homogeneous, transversely isotropic and axisymmetric nested cylinders. Governing

equations were formulated and a general solution procedure was under development. The

author suggests that the model will be useful for mechanical and thermal analysis and

design of Z-Fiber TM materials.

1.5.3. ANALYSIS OF BRIDGED CRACKS

As has been discussed in the preceding sections, many researchers have shown that

sufficient TLR will prevent the growth of delamination. TLR that bridge delamination
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cracks can both prevent sublaminate buckling and retard crack growth. The structural

performance of the material or part is thereby significantly improved, as shown by the

significantly higher loads required to sustain catastrophic failure. The important question

is then, how much TLR is sufficient. Concepts developed for the analysis of bridged

cracks (see for example [146]) can be very useful in addressing this question.

Several different authors have applied sublaminate buckling and/or crack bridging

concepts to the TLR problem. In terms of sublaminate buckling, two different one

dimensional sublaminate buckling models (based on beam on elastic foundation

assumptions) are described in [96, 120, 121] and [77, 118]. Several different mode I

fracture mechanics models are reported in [51, 76, 78]. Both sublaminate buckling and

delamination extension were combined in a model discussed in [77]. Cracks bridged with

TLR in curved structures are addressed in [4, 123, 147, 148]. Mode II delamination with

bridged cracks is discussed in [123,149]. Such modeling approaches offer great promise

for determining guidelines of how much TLR is required to prevent premature structural

failure due to the existence of delaminations. However, it is important to understand that

these approaches assume that delaminations already exist. While useful for determining

the critical size of delaminations, they do not address the onset or initiation of

delamination.

1.6. OBJECTIVE AND SCOPE

As discussed above, most of the variables and principles associated with TLR

composites apply to both "stitched" (continuous TLR) and "pinned" (discontinuous TLR)

laminates. Many researchers have shown that small amounts of TLR can significantly
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delaydamageprogression.Both analyticalandexperimentalwork hasconsistently

demonstratedthat the loadrequiredfor sublaminatebucklingis increased;fracture

toughnessin modeI (doublecantileverbeam)andmodeII (endnotchflexure)are

significantlyimproved;andthesizeandgrowth&impact damage and edge delamination

are severely restricted. These benefits are found in both static and fatigue loading. TLR

directly supports the "Achilles' heel" of laminated composite, that is delamination. By

directly bridging cracks between lamina, even small amounts (order of one percent

volume) of TLR significantly alter the mechanical response of the laminate.

While the restriction of damage progression has been demonstrated many times,

there is little or no data supporting the supposition that TLR increases the load or energy

required to initiate damage/delamination. In fact, as discussed in section 1.2.2, research on

low velocity impact has shown that the addition of stitching did not alter the force at

which damage initiates. Of course not all practical values and combinations of values of

the many different TLR parameters have been investigated. At commonly investigated

values of TLR parameters, it is likely that there is sufficient unreinforced space between

the discrete through-thickness reinforcements for damage to initiate in the same fashion

and at the same values as in the traditional unstitched 2-D laminate. After the

delamination is initiated however, even in the dynamic event of low velocity impact,

delamination growth is restricted by TLR and the resultant overall damage areas are

smaller.

The question of whether TLR does or does not improve damage initiation has not

been specifically addressed in detail. Where it has been discussed, the definition of
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"damageinitiation" or "failure initiation" has not been clearly articulated. A great deal of

research has been and is currently being conducted on sublaminate buckling, crack

bridging, damage progression, etc. However, little or no work has addressed how the

addition of TLR alters the stress states in pristine material, and how these changes might

affect damage initiation. It is important to understand that failure in composite materials

almost always involves a sequence or progression of different but related mechanisms.

Only very small amounts of TLR are required to change dominant failure mechanisms,

alter their sequence, and revise their relative importance. The question of the effect of

TLR on delamination initiation has important implications regarding different philosophies

that can be used to design composite structures: design to prevent the initiation of

delamination, or design to prevent the growth of potential existing delaminations

With these ideas in mind, it was the general objective of this work to characterize

the effects of TLR on the in-plane and inter-laminar mechanical response of undamaged

composite laminates. Primary goals included the determination and understanding of TLR

effects on the elastic constants and delamination initiation. A unit cell approach was

utilized with 3-D finite element modeling of TLR laminates. Such modeling is necessary

to investigate the complicated 3-D states of stress in and around the microstructural

details of TLR as it bridges lamina interfaces. Various TLR parameters were studied,

including; TLR material, TLR diameter, TLR volume fraction, TLR through-thickness

angle, laminate ply stacking sequence (layup), and the microstructural features of pure

resin regions and curved fibers. These investigations were performed with current 'state

of the art' analysis tools and commercially available general purpose finite element
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software. The work was limited to the study of the linear response (undamaged) of a unit

cell with a ply interface. The unit cell results are presented in terms of the effects of TLR

on 1) elastic constants, 2) strength implications and 3) delamination initiation. In addition

to the unit cell models, a simplified model of the stiffener pull-off test was created and

used to investigate the application of TLR to a practical, "real life," inter-laminar

dominated problem..
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Figure 1-1 Trans-Laminar Reinforcement (TLR) types.
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Stitch TLR
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Figure 1-2 a) Micrographs of stitched graphite-epoxy laminates showing

curved in-plane fibers, courtesy of James Reeder, Mechanics of Materials

Branch, NASA Langley Research Center.
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Figure 1-2 b) Micrographs of stitched graphite-epoxy laminates showing

curved in-plane fibers, courtesy of Dr. Gary Farley, Army Research

Laboratory Vehicle Technology Center.
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Initial 1.8 sec 1.2 sec 0.001 sec Failure 2,r_,,
Prior to Failure Prior to Failure Prior to Failure

Figure 1-3 Compression failure sequence of stitched laminate. Photo

courtesy of James Reeder, Mechanics of Materials Branch, NASA Langley

Research Center.
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Assisted Z-Fiber TM, UAZ (below).
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CHAPTER 2

UNIT CELL ANALYSIS, BOUNDARY CONDITIONS,

AND CALCULATION OF ELASTIC CONSTANTS

In all forms of numerical modeling, including finite element analysis (FEA),

assumptions are necessary to define both the general scope and particular details of the

models. Since it is most often impractical to model universal conditions, modeling

assumptions must be made that restrict the size of the actual model. Typically only a

portion of the structure to be analyzed is actually modeled with detail. At times, certain

limiting assumptions about behavior are made. Appropriate boundary conditions (BC's)

are required to insure that the modeled part relates properly to the rest of the structure. In

addition, certain BC's may be required to make a problem numerically tractable'. This

chapter begins with a discussion of the "unit cell" (UC) modeling approach and the

boundary constraints that it requires. Calculation of material elastic constants using a unit

cell analysis is then described. These discussions are then followed by a summary of the

actual BC's applied to the UC.

2.1. UNIT CELL APPROACH

Many different researchers have used the concept of the "representative volume

element" (RVE), or "unit cell" (UC) for the modeling of textiles. Although the basic

concept is simple, particulars vary and many definitions of the "unit cell" may be found in

° An example of this type BC for FEA is the requirement of enough boundary

displacement constraints to prevent rigid body translation and rotation. For details, the

reader is referred to any general text on FEA.
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theliterature. Theterm"unit cell" hasbeenusedfor manyyearsin thetraditionaltextile

industryandreference[123] suggeststhattheterm"unit cell" is borrowedfrom

crystallography.In all cases,theconceptis that anentirematerialcanbe representedby

simplymodelingarepresentativevolume.In thesamemannerthata sinewavecanbe

representedby onecycleor period,amaterialwith aperiodicstructurecanberepresented

by oneunit cell. Underuniformexternalloads,amaterialwith a periodicstructurewill

havestressandstraindistributionsthatareperiodic.Thematerial"responseto external

loads can be computed by analyzing the behavior of a single unit cell with suitable

boundary conditions" [123]. This statement implies that the entire material structure,

before and after deformation, can be generated by simply replicating the unit cell. This

concept is shown schematically in Figure 2-I.

Just as a single period of a sine wave can begin at any point and end at the

corresponding point one wavelength later, there are an infinite number of possible unit

cells in any periodic material. For this discussion the definition of a unit cell will be

restricted to an orthogonal hexahedral shaped volume that can be used to generate the

entire material structure by replication and translation. A 2-D analogy can be used by

saying that an entire puzzle is made up of a single repeated piece. This puzzle can be put

together by copying the one piece and fitting the copies around the original without

rotation.

Although the use of unit cell modeling with periodic boundary conditions has been

shown repeatedly in the literature, most authors simply state that "periodic boundary

conditions" are used and then list those conditions. Adequate discussions of exactly what
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theunit cell assumptionrequiresin termsof boundaryconditionshavebeensorelylacking.

For ahexahedronwith threesetsof opposingfaces,theUC requirementcanbestatedas

follows: therelativespatialrelationshipbetweenpointsof onefacemustalsoapplyto its

opposingface,bothbeforeandafterdeformation.Theseopposingfaces(e.g.opposite

sidesof acube)mustbesymmetricalwith respectto eachother. Duringdeformation,it is

not sufficientthattheoverallshapeof theseopposingsidesbemaintained,but distances

betweeninternalpointsmustalsomatchup for bothsides.

To illustrate this important point, consider a 2-D example. Figure 2-2 shows the

unit cell of the material in Figure 2-1. Let one fourth of this representative piece of

material (the shaded area) be much stiffer than the rest. Let a uniform loading be applied

to the entire piece as shown in Figure 2-2 a. Without the constraints imposed by

neighboring unit cells, the piece would want to deform as in Figure 2-2 b. In this free

deformation, the right and left hand sides do not stretch the same amount. Not only are

they different lengths after deformation, but the internal points do not have the same

relative displacement. Requiring the two sides to have the same length is not sufficient, as

the right and left side would not match up internally. For this example to meet unit cell

requirements, each point on the right side must have the same vertical displacement as its

corresponding point on the left side. Deformation with unit cell constraints is shown in

Figure 2-2 c. This constraint is the same as would be imposed by the neighboring unit cell

in the real structure. Displacement continuity (and hence strain continuity) is thus

maintained across the boundaries of the unit cell. While strain must be continuous in a

continuous structure, all stress components are not. In the 2-D example of Figure 2-2,

the vertical component of stress at point R2 in the stiff material would not be the same as
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the vertical component of stress at point L2 in the flexible material. Of course the

horizontal components of stress must be the same at R2 and L2.

Although the unit cell approach is general and very useful, it does have its

limitation. The assumption of uniform loading does not always apply. Macrostructural

discontinuities typically give rise to stress gradients that are significant at the scale of the

smallest identifiable unit cell. Strict unit cell assumptions only apply to internal structure

under uniform stress, far away from free edges and other geometrica!discontinuities. In

addition, the unit cell represents an "ideal" structure. Textiles composites contain

unavoidable geometrical and material irregularities that are not periodic. Such

irregularities (e.g. fiber waviness) and the variation in those irregularities typically play an

important role in the material response. This fact is particularly true for damage

progression and failure. Such limitations aside, a great deal of understanding can be

gained about the basic mechanical response of a material using simple unit cell

assumptions. Given the magnitude of the computational effort required, a 'unit cell' or

'representative volume element' approach is the only way to get detailed stress-strain

information for complicated microstructure.

2. 2. CALCULATION OF ELASTIC CONSTANTS

A unit cell analysis as described in section 2.1 was used to calculate elastic

constants for TLR materials. The technique involved applying a known macrostress to a

finite element model that is constrained in its deformation to meet both unit cell

requirements and basic definitions of strain. Macrostrain is calculated from the

displacement output of the FEA analysis. The macrostrains are then used in simple
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detailed in the following three subsections.

This procedure is
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2.2.1. EQUATIONS AND DEFINITIONS

Discussions and derivations of stress, strain and their constitutive relations can be

found in many texts. "['he following equations are taken largely from []50] and []5 ]].

Small displacement formulation is assumed and only engineering strains are used. The

reader is referred to these or other texts for detailed derivations of these basic concepts of

elasticity.

The 3-D strain displacement relations of elasticity are given as:

8u dv dw

Ox '_Y - dy ez - dz

8u 8v dv dw du dw

Y+"Y- Oy + Ox Yy== 3z + 8_ Y"+":= 3z + 0--7

Equation 2-1.

Figure 2-3 graphically shows the basic concept of one dimensional normal strain, _+

If the deformation is distributed uniformly over the original length, the normal strain is

defined as the change in length, AI, divided by the original length, 10. If the deformation is

not uniform, the aforementioned is the average strain. Shear strain, 3/, is defined as the

total change in the right angle DAB shown in Figure 2-4a. ¥ is the sum of the two angles

or. For small deformations, a is approximated by tan(cQ. The shear strain can also be
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shown graphically with the schematic in Figure 2-4b. Figure 2-4b is the same as Figure 2-

4a with an arbitrary rotation applied. Applying these simple graphical definitions in three

dimensions and taking the limit results in the above definitions of strain'.

Strains can be written in contracted form:

E i

?'=

Y-W.

g3

84

E5

._'6

(i= 1,2...6)

Equation 2-2.

Similarly, the contracted notation for stress is:

- -

o-I

o-,

_% .o-6

(i = 1,2...6)

Equation 2-3.

The constitutive relations or generalized Hooke's can be written:

" For a more rigorous derivation/definition of strain, the reader is referred to any basic text

on elasticity.
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Equation 2-4.

where Cij is the stiffness matrix.

Equation 2-4 can also be written in the inverted form:

en

e_

e4

c5

if6

_Sll S12 Sl3 Si4 Sis S16

$12 $22 $23 $24 $25 S_6

s,3 s23 s33 s_ s3, s3,
SI4 S24 83,.I S44 S45 846

Sis $25 S. S4s S. S,6

S,_ $2_ $3_ $4_ S_ S_

,q

o-6

Equation 2-5.

where Sij is the compliance matrix.

For an orthotropic material (3 planes of symmetry), Equation 2-5 simplifies to:

-e_-

e_

e_

¢4

6S

_E6.

-Sit

Si2

St3

0

0

0

Si2 S13 0 0

$2: $23 0 0

$2_ $33 0 0

o o ,% o o
0 0 0 $55 0

0 0 0 0 $66

0 rl

0 r_

0 r3

r4

r5

r6J

Equation 2-6.
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Equation 2-7.

The engineering constants are used for a physical interpretation of the elastic

behavior of materials and structures. Extensional modulus, E, relates the normal strain to

normal stress and is the "stiffness" of a material undergoing elongation. Shear modulus,

G, relates the shear strain to shear stress. The subscripts refer to the coordinate

directions and relate each stiffness with its corresponding stress and strain component.

2.2.2. ASSUMPTIONS AND METHOD OF APPLICATION

TLR materials may be considered homogeneous and orthotropic on the "macro"

scale. However, at the "micro" level, there is considerable material variation'. While a

large number of unit cells may collectively be assumed homogeneous, a single unit cell is

not homogeneous. As discussed in section 1.5.2.3, consideration of only macrostresses

and macrostrains should be sufficient for the determination of elastic stiffnesses (that is
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within theunit cell mustbeconsideredwhenfailureis to bemodeled.
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The basic approach used in this work was to apply a known macrostress to a finite

element model of the unit cell. The deformations of the unit cell boundaries were

constrained to meet both unit cell requirements (see section 2.1) and the basic definitions

of strain as shown in Figures

Figure 2-3 and Figure 2-4b. The displacements of the unit cell boundaries, or

overall change in unit cell dimensions, were then used to determine a macro strain by way

of Equation 2-7. Equation 2-7 can thus be written as:

Aw x AW y Aw z

Ex - ex - ex -
W x Wy W z

Aw x Awy Awx Aw_ Awy Awz
Y_y - + -- Y= - + -- Yr-- - + --

Wy W x W z W x W z Wy

Equation 2-8.

where Wx, Wy, and wz are the dimensions of the unit cell in the x, Y and Z directions

respectively. Awx, Awy, and Awz represent the change in those dimensions.

The constitutive relations (Equation 2-7) reduce to one equation and one unknown

when only one stress component is non-zero. Hence, by applying six independent cases of

loading and respective BC's, each with only one non-zero applied stress component,

Equation 2-7 reduces to six equations each with one unknown.

""Macro" and "micro" are relative terms. For the materials in this study, order of

magnitude estimates refer to scales of about 1.0 inches and 0.010 inches, respectively.
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Thesesamesix independentequationscanbederivedconceptuallybyapplying

Hooke'slaw (1D) to theunit cell sixdifferenttimes,for thesix stresscomponents.These

equationsareshownhereusingtheconventionalnotationassociatedwith engineering

constants.

1 1

E, G_

1 1

e_,=--% r=-G=r=Ey

1 1

E, G,_

Equation 2-9.

By applying a known macrostress and calculating the macrostrain from the FEA results,

Ex, Ey, Ez, G_y, Gxz, and Gyz are determined with the above equations in a straight forward

manner.

For the cases of extensional loading and ensuing boundary conditions, a Poisson

effect is allowed. The Poisson ratios, vii, are then calculated using:

Equation 2-10.

Thus, the nine engineering constants of an orthotropic material may be calculated

by applying six separate cases ofloads/BC's to a finite element model of a unit cell. These

six cases will hereafter be referred to as the e._, ey, _z, _'xy,"{._, and _% load cases. The

global coordinate system used throughout this work is defined such that the xy plane
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correspondsto theplaneof thelaminateandtheZ directioncorrespondsto thethrough-

thicknessor TLR direction.

Eventhoughadvantagecanbemadeof somelimitedcommonalityamongthesesix

loadcases,buildinglargedetailedFEAmodelsof TLR compositeunit cellsinvolvesa

significantamountof tediouswork. As alreadydiscussedin section1.5,whencompared

to experimentaldata,simplertechniquescanresultin reasonableestimationsof

engineeringconstants. However, the shear moduli G_ and Gy_, are very difficult to obtain

experimentally, making verification of any technique questionable for G_ and Gy_. In

addition to providing predictions of engineering constants, these large FEA models result

in complete stress-strain information at the detailed microstructure level. Such

information is used to investigate the failure mechanisms of these materials. While it is

impractical to use large FEA models to calculate these properties for design purposes,

they can be used to gain a fundamental understanding of how the addition of TLR affects

laminate mechanical response.

This method &using FEA unit cell models to calculate engineering constants is

similar to that described in [152] and [123]. However, in those works a known

macrostrain is applied to the unit cell by applying prescribed displacements to the unit cell

boundaries. The macrostress is numerically integrated over certain faces, or throughout

the unit cell volume. In the method used in this work, a known macrostress is applied, the

unit cell is constrained to deform to a certain shape, and the displacements of the unit cell

boundaries are used to calculate macrostrains. In effect, this method applies periodic

boundary displacements of an unknown value. This method avoids some potential error
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arising from the use of the finite element method. In displacement based finite element

formulation, the problem is set up such that the displacements are the unknowns. Stress

and strain results are then calculated from the displacement results. By measuring the

macrostrain by way of the unit cell displacements, rather than the macrostress by way of

the unit cell stress results, the added difficulty and inaccuracy of an additional numerical

integration are avoided. Since the unit cell is constrained to deform to a certain shape at

the boundaries, the difficult problem of how to introduce load is not an issue.

The constraining of the unit cell boundaries was done with the use of multi-point

constraints (MPC's). It is assumed that in actual material, the neighboring unit cell would

be imposing similar constraints. However, it is reasonable to suspect potential problems

with reactions at these heavily constrained boundaries, particularly when the material and

geometrical variations of the microstructure are large near the unit cell borders. It is likely

that error due to artificial boundary reactions would not play an important role in

determination of engineering constants, since these calculations are based only on

macrostress and macrostrain. However, if microstress and microstrain distributions

internal to the unit cell are to used to draw conclusions about material failure, potential

boundary effects must be considered.

2.3. UNIT CELL BOUNDARY CONDITIONS AND MULTIPOINT
CONSTRAINTS

The BC's discussed in this section are for a full unit cell buried inside of the

laminate. That is, none of faces of the unit cell are "free." This set of boundary conditions

is referred to as [bc-uc], and serves as the baseline set of boundary constraints. Only
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translationaldegreesof freedomareconsidered,asthe element types used in this work

did not have rotational degrees of freedom. In addition to the specific details of BC's and

their application, the limitations of the FEA software and modeling assumptions are

discussed. Section 2.4 discusses variations on this baseline set of BC's.

2.3.1. GENERAL OVERIVEW

Displacement constraints at the boundaries of the unit cell were carefully selected

in order to 1) satisfy requirements of the unit cell assumption, 2) create unit cell

deformations that conform to basic definitions of strain, and 3) result in a numerically

solvable problem. These three objectives were accomplished by selectively utilizing large

numbers of multi-point constraints (MPC's) and prescribed zero displacements.

Limitations of the commercial FEA analysis software used in this research did not allow

for perfect application of general unit cell assumptions in all cases. However, reasonable

approximations were made, and discussions of the minor exceptions are included in the

following sections. Although some 2-D problems were formulated during the

development of the unit cell procedure and BC's, the following discussions will be

restricted to the full 3-D case, as this is the problem of interest.

The orthogonal hexagonal volume (rectangular parallelepiped) of the 3-D unit cell

has dimensions ofwx, wy, and wz, in the X, Y, and Z directions, respectively. The origin

of the global coordinate system is at the center of the unit cell. Each face of the

parallelepiped is perpendicular to the X, Y, or Z axis, and located at a distance of hwx,

hwy, or hwz from the origin (see Figure 2-5). The term hwx refers to the half width of the

unit cell in the X direction and is one halfofwx. The terms hwy and hwz are similarly
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related to wy and wz. The six faces of the unit cell are labeled 1 through 6, with odd

numbers (1,3,5) representing faces at positive axis coordinates, and even numbers (2,4,6)

representing faces at negative axis coordinates. Faces 1 and 2 are X axis faces (yz

plane). Faces 3 and 4 are Y axis faces (xz pane). Faces 5 and 6 are Z axis faces (xy

plane). Laminate orientation relates to the global coordinate system as follows: the Z axis

is in the thickness direction, and the X axis is the 0 ° direction. This nomenclature is used

throughout the following discussions.

To analyze the TLR unit cell, detailed 3-D FEA models were required. Creating

new FEA analysis code was not within the scope of this work. The objective was to use

existing general purpose codes to build and solve the large FEA models. The general

purpose commercial FEA package COSMOS/M TM, by Structural Research and Analysis

Corporation, was utilized for this research. COSMOS/M TM was selected based on several

criteria: cost, functionality, ability to run on both personal computers and engineering

workstations, and use (acceptance) by other research institutions and industry.

While COSMOS/M TM was a very capable package, certain limitations were

encountered. Most popular general purpose codes would likely have similar limitations.

For example, only displacement multi-point constraints were available. Boundary nodes

could not be constrained to have the same unknown force (stress). As discussed in section

2.1, certain stress components, such as normal surface tractions, would be expected to be

continuous across opposite borders of a true unit cell. This type of multi-point constraint

was not available in COSMOS/IV1TM.
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The general requirement of the unit cell assumption is that the spatial relationship

between nodes on a face also apply to the nodes on the opposing face, both before and

after deformation. This requirement could not be programmed directly, but was met by

careful selection and application of MPC's within the limitations and command structure

of COSMOS/M TM. COSMOS/M TM command language was used extensively to write

programs that would automatically apply the MPC's and other boundary conditions to the

unit cell models. As the borders of these large FEA models contained thousands of nodes,

the use of such programming capability was the only practical means of applying the BC's

described herein.

2.3.2. NORMAL STRAIN CASES

All three normal strain cases, e×, ey, and ez, shared the same boundary conditions.

There were two general requirements for these cases:

1) all nodes on a given face must have the same out-of-plane displacement (that is

same displacement perpendicular to the face). The "box" can grow or shrink,

but it must maintain its rectangular box shape.

2) each node on a given face, and the corresponding node on the opposing face

must have the same in-plane displacements. These two conditions satisfy both

unit cell assumptions and the basic definitions of normal strain. To prevent

rigid body motion and a singular stiffness matrix, additional prescribed zero

displacements were added, as shown Figure 2-6.

The combination of requirement 1 above and the prescribed zero displacements at

the comer of faces 1, 4, and 6; results in all nodes on faces !, 4 and 6 having prescribed



zerodisplacementsperpendicularto their face. Althoughnot intended, faces 1, 4, and 6,

thus have BC's that suggest that the faces are each a plane of symmetry. The planes

associated with faces 1, 4, and 6 are indeed planes of symmetry for 0 ° or 90 ° plies•

However, a +45 ° or - 45 ° ply is in reality not symmetric, but anti-symmetric at the border

of the unit cell. This compromise was necessary and was kept in mind during

interpretation of the results. A brief summary of the final BC's are listed in Table 2-1.

Table 2-1 Full unit cell boundary conditions for normal strain load cases.

[bc-uc] _x, _v, _z LOAD CASES

Displacement Constraint Boundary Coordinates Unit Cell Face

ux = 0 x = +hwx face 1

u, = constant x = -hwx face 2

Uy = constant y = +hwy face 3

Uy = 0 y = -hwy face 4
uz = constant z = +hwz face 5

uz = 0 z = -hwz face 6

_i: u_, Uzi: uzJ x = +hwx, x -hwx faces 1, 2= ux, u, k uzI "" y = +hwy, y = -hwy faces 3, 4

Uxm = ux", Uy" = uy" z = +hwz, z = -hwz faces 5, 6

° i and j refer to matching nodes on opposing faces (corresponding y and z coordinates)

"" k and I refer to matching nodes on opposing faces (corresponding x and z coordinates)

"" m and n refer to matching nodes on opposing faces (corresponding x and y

coordinates)

Since the shape of the unit cell is forced to remain a rectangular box, and one

corner is tied or fixed at zero displacement, the displacements of corner node A (see

Figure 2-6) represent the overall change in unit cell dimensions, that is the X direction

displacement at A corresponds with Awx &Equation 2-8 Similarly, the Y and Z

direction displacements of node A correspond to Awy, and Awz. The constraints as just

described also make the introduction ofa macrostress very simple. Since face 2 is
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constrained to have the same X displacement everywhere, an X direction force applied to

node A will give the same results as a uniform Cyxapplied to face 2. C_y,and cyz loads are

accomplished similarly by simply applying a force to node A in the appropriate direction.

2.3.3. XY SHEAR STRAIN

Figure 2-6 shows the basic method of applying the shear strain Yxy. One face was

constrained while the opposite face was displaced parallel with its plane, resulting in a

shear strain on the unit cell. Prescribed zero displacements were assigned to all nodes on

face 4 (fixed in space). All the face 3 nodes were constrained to have the same x, Y and Z

displacement (like a rigid plate). Each pair of corresponding nodes on opposing faces 1

and 2 were constrained to have the same x, Y and Z displacements. Each pair of

corresponding nodes on opposing faces 5 and 6 were also constrained to have the same X

and Y displacements. All nodes on face 5 and 6 were constrained to have the same Z

direction displacement. These constraints allowed the box to skew in the X direction

while maintaining proper nodal relationships across opposing faces. Careful consideration

of these constraints reveals that all nodes at the boundaries are required to have zero Z

direction displacement. This fact is consistent with the intent of applying pure xy shear in

the macroscopic sense. These BC's are summarized in Table 2-2.
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{bc-ucl

Displacement Constraint

T,r LOAD CASE

Boundary Coordinates Unit Cell Face

Uz = 0 x = +_hwx, y = +_hwy, z = +_hwz faces 1- 6

Ux -----Uy : 0 y = -hwy face 4

ux = constant, Uy= constant y = +hwy face 3

u_' = u_, Uy' = uyJ x = +hwx, x = -hwx faces 1, 2
n

u_m = Ux, Uy" = Uy" z = +hwz, z = -hwz faces 5, 6

i and j refer to matching nodes on opposing faces (corresponding y and z coordinates)

m and n refer to matching nodes on opposing faces (corresponding x and y coordinates)

As with the normal strain cases, the constraints resulted in the equivalence of the X

displacement of node A with Awx of Equation 2-8. Similarly, the Y direction displacement

corresponded to Awy. The shear strain Txy was then calculated using the displacements of

node A. The macro shear stress was accomplished by applying an X direction force to

node A. Due to the constraints, application of this single force was equivalent to applying

a uniform 12xyon face 3.

2.3.4. XZ SHEAR STRAIN

Figure 2-6 shows the basic method of applying the shear strain T_z. One face was

constrained while the opposite face was displaced parallel with its plane, resulting in a

shear strain on the unit cell. Prescribed zero displacements were assigned to all nodes on

face 6 (fixed in space). All the face 5 nodes were constrained to have the same x, Y and Z

displacement (like a rigid plate). Each pair of corresponding nodes on opposing faces 1

and 2 were constrained to have the same x, Y and Z displacements. Each pair of

corresponding nodes on opposing faces 3 and 4 were also constrained to have the same X

and Z displacements. All nodes on face 1 and 2 were constrained to have the same Y
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direction displacement. These constraints allowed the box to skew in the X direction

while maintaining proper nodal relationships across opposing faces. Careful consideration

of these constraints reveals that all nodes at the boundaries are required to have zero Y

direction displacement. This fact is consistent with the intent of applying pure xz shear in

the macroscopic sense. These BC's are summarized in Table 2-3.

Table 2-3 Full unit cell boundary conditions for xz shear load case.

[bc-ucl

Displacement Constraint

y_z LOAD CASE

Boundary Coordinates Unit Cell Face

Uy = 0 x = +_hwx, y = +_hwy, z = +_hwz faces 1- 6

Ux= uz = 0 z = -hwz face 6

Ux= constant, uz = constant z = +hwz face 5

i " = u2 x = +hwx, x = -hwx faces 1 2Ux = UxJ, Uz I *

Uxk = Uxt, uzk = uz! ** y = +hwy, y = -hwy faces 3, 4

" i and j refer to matching nodes on opposing faces (corresponding y and z coordinates)

"* k and i refer to matching nodes on opposing faces (corresponding x and z coordinates)

As with the normal strain cases, the constraints resulted in the equivalence of the X

displacement of node A with Awx of Equation 2-8. Similarly, the Z direction displacement

corresponded to Awz. The shear strain Yx_was then calculated using the displacements of

node A. The macro shear stress was accomplished by applying a Y direction force to

node A. Due to the constraints, application of this single force was equivalent to applying

a uniform Xx_.

2.3.5. YZ SHEAR STRAIN

Figure 2-6 shows the basic method of applying the shear strain Yyz. One face was

constrained while the opposite face was displaced parallel with its plane, resulting in a

shear strain on the unit cell. Prescribed zero displacements were assigned to all nodes on
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face6 (fixed in space).All theface5nodeswereconstrainedto havethe samex, Y andZ

displacement(like arigid plate).Eachpairof correspondingnodesonopposingfaces3

and4 wereconstrainedto havethesamex, Y andZ displacements.Eachpairof

correspondingnodesonopposingfaces1and2 werealsoconstrainedto havethesameY

andZ displacements.All nodeson face1and2 wereconstrainedto havethe sameX

directiondisplacement.Theseconstraintsallowedthebox to skewin the Y direction

whilemaintainingpropernodalrelationshipsacrossopposingfaces.Carefulconsideration

of theseconstraintsrevealsthat all nodesat theboundariesarerequiredto havezeroX

directiondisplacement.Thisfact is consistent with the intent of applying pure yz shear in

the macroscopic sense. These BC's are summarized in Table 2-4.

Table 2-4 Full unit cell boundary conditions for yz shear load case.

[bc-uc]

Displacement Constraint

7_ LOAD CASE

Boundary Coordinates Unit Cell Face

ux = 0 x = +_hwx, y = +_hwy, z = +hwz faces 1- 6

Uy= uz = 0 z = -hwz face 6

Uy = constant, Uz = constant z = +hwz face 5

u ' = Uyj, uz' = u_ x = +hwx, x = -hwx faces 1, 2

Uy[ = Uyj, Uzk = UzI "" y = +hwy, y = -hwy faces 3, 4

" i and j refer to matching nodes on opposing faces (corresponding y and z coordinates)

"" k and ! refer to matching nodes on opposing faces (corresponding x and z coordinates)

As with the normal strain cases, the constraints resulted in the equivalence of the X

displacement of node A with Awy of Equation 2-8. Similarly, the Z direction displacement

corresponded to Awz The shear strain ),y_ was then calculated using the displacements of

node A The macro shear stress was accomplished by applying a Y direction force to
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nodeA. Dueto theconstraints,applicationof this singleforcewasequivalentto applying

a uniform"ty_.

2.4. OTHER SETS OF BOUNDARY CONDITIONS

Large numbers of MPC's were utilized to meet the requirements. COSMOSfM TM

1.75a has a limit of 3000 MPC's, which restricted the size and mesh density of the unit

cell models. In order to get around this restriction, and to examine cases where full unit

cell assumptions did not apply, two other sets of boundary conditions were applied to the

"unit cell" models.

"Laminate" boundary conditions [bc-lam] were developed which did not enforce

unit cell requirements across the top and bottom (faces 5 and 6). These bc's were the

same as [bc-uc] described in section 2.3, with the exception that corresponding opposing

nodes on faces 5 and 6 were not required to have the same in-plane displacements. Hence

faces 5 and 6 were not required to match up internally, relaxing the unit cell requirement in

the thickness direction. A unit cell with these conditions simulates a full laminate with the

top and bottom faces free, rather than a unit celt buried internal to the laminate. To insure

adherence to the definitions of strain, faces 5 and 6 were required to remain flat, that is all

Z displacements the same. Only the ex, ey, ez and "}txyload cases were affected by these

changes. The T,= and ),y_ load cases were exactly the same as [bc-uc]. The [bc-lam] BC's

are summarized in Table 2-5.

A third set of boundary conditions, [bc-noopp], were developed with the idea of

possible further relaxation of unit cell requirements. Pairs of corresponding and opposing

nodes were not required to match up on any set of opposing faces. These conditions only
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enforcedtheoverallshapeof themodelto conformto thestraindefinitions,anddid not

meettheunit cell criteria. These[bc-noopp]weretheleaststringentof thethreesets.

The[bc-noopp]boundaryconditionsaresummarizedin Table2-6.

Thedifferentboundaryconditions,[bc-uc],[bc-lam]and[bc-noopp],were

evaluatedby applicationto asetof representativemodels'. Theseevaluationmodelswere

controlmodelswithout TLR. Both [0/90]and[+45/-45]layupswereincludedin the

evaluation.Basedonmaximumstressvaluesandcalculatedproperties,therewasno

practicaldifferencebetweentheresultsof modelswith [bc-uc] and[bc-lam]BC's. There

wasalsono practicaldifferencebetweentheresultsof modelswith [bc-uc]and[bc-

noopp]BC's, in the_x,eyandezloadcases.However,in the),._y,)'._andyy_loadcases,

thereweresignificantdifferencesbetweentheoutputof modelswith thebaseline[bc-uc]

BC's, andmodelswith the[bc-noopp]BC's. In themodelswith [bc-noopp]BC's andYxy,

y._andVy_loadcases,largestressconcentrationsattheboundariesdominatedtheresults.

Oncethesecomparisonsweremade,it wasdeterminedthattherewereno important

differencesbetween[bc-uc]and[bc-lam]BC's. Hence,[bc-lam]BC's wereusedinall

subsequentunit cell modelst.

" Model detailswill bediscussedin thenextchapter.
* A masterlist of all modelsandtheirBC's isgivenin thenextchapter.
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[bc-lam] _x, _¥, _z LOAD CASES

Displacement Constraint Boundary Coordinates Unit Cell Face
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Ux = 0 x = +hwx face 1

ux = constant x = -hwx face 2

By = constant y = +hwy face 3

Uy = 0 y = -hwy face 4

Uz = constant z = +hwz face 5

Uz = 0 z = -hwz face 6

u ' = UyJ, uz'= u_J x = +hwx, x = -hw-x faces 1, 2
:__ Hxl Llzk = Uz I **Ux y = +hwy, y -- -hwy faces 3, 4

[bc-lam]

Displacement Constraint

Uz=0

Ux _--- Uy : 0

Ux = constant, Uy = constant

ux'=Ux J, Uy'=U/

Tx.vLOAD CASE

Boundary Coordinates Unit Cell Face

x = +_hwx, y = +_hwy, z = +_hwz

y = -hwy

y = +hwy

x = +hwx, x = -hwx

faces 1- 6

face 4

face 3

faces 1, 2

[bc-lam]

Displacement Constraint

Tx" LOAD CASE

Boundary Coordinates Unit Cell Face

Uy=O

Ux = Uz : 0

Ux--- constant, Uz = constant

ux' = uP, Uzi = u_J

Hx k : llx I, Hz k : LIz I **

x = +hwx, y = +hwy, z -- +hwz
Z = -hwz

z = +hwz

x = +hwx, x = -hwx

y = +hwy, y = -hwy

faces 1- 6

face 6

face 5

faces 1, 2

faces 3, 4

[bc-laml

Displacement Constraint

_,y_LOAD CASE

Boundary Coordinates Unit Cell Face

u_ = 0 x = +_hwx, y = +_hwy, z = +_hwz faces 1- 6

Uy= u_ = 0 z = -hwz face 6

Uy = constant, Uz = constant z = +hwz face 5

uU_i = UyJ, u_i = u_ x = +hwx, x = -hwx faces 1, 2
I Uz k I **y = uy, = uz y = +hwy, y = -hwy faces 3, 4

" i and j refer to matching nodes on opposing faces (corresponding y and z coordinates)

"" k and 1 refer to matching nodes on opposing faces (corresponding x and z coordinates)
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Table 2-6 "No opposing node constraint" boundary conditions.

[bc-noopp] ex, ev, ez LOAD CASES

Displacement Constraint Boundary Coordinates Unit Cell Face

ux = 0 x = +hwx face 1

ux = constant x = -hwx face 2

Uy = constant y = +hwy face 3

Uy = 0 y = -hwy face 4

Uz = constant z = +hwz face 5

uz = 0 z = -hwz face 6

[bc- nooppl

Displacement Constraint

Txr LOAD CASE

Boundary Coordinates Unit Cell Face

uz = 0 y = +_hwy, z = +_hwz faces 3- 6

ux = Uy = 0 y = -hwy face 4

ux = constant, Uy= constant y = +hwy face 3

[bc- nooppl

Displacement Constraint

7xz LOAD CASE

Boundary Coordinates Unit Cell Face

Uy = 0 y = +_hwy, z = +_hwz faces 3- 6

u_ = uz = 0 z = -hwz face 6

ux = constant, uz = constant z = +hwz face 5

|bc- nooppl

Displacement Constraint

y_ LOAD CASE

Boundary Coordinates Unit Cell Face

u_ = 0 x = +_hwx, z = +_hwz faces 1,2,5, 6

Uy= uz = 0 z = -hwz face 6

Uy = constant, u_ = constant z = +hwz face 5
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Figure 2-1 Schematic of "Unit Cell" concept showing deformation due to

extension and due to shear.
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Figure 2-2 Schematic of a unit cell in uniform tension showing the

concept of proper unit cell constraints.
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Figure 2-3 Graphical definition of normal strain.
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b. Shear strain as applied in this work.

Figure 2-4 Graphical definition of shear strain.
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wx w refers to width

hw refers to half-width

Figure 2-5 Schematic of the unit cell with labeled faces and dimensions.
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Figure 2-6 Unit cells showing the six load cases corresponding to the six

components of strain.
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This chapter describes the various models used for this research. Model geometry

and numerical details are discussed for the finite element models. Stiffness averaging and

its application by way of the TEXCAD analysis software is also briefly discussed. The

final section of this chapter describes the models used for the application of TLR

principles to a practical problem.

3.1. TLR MODEL GEOMETRY

A typical microstructure of TLR materials is shown in Figure 3-l. Shown in the

figure points are important microstructural details such as the unavoidable pure resin

regions and curved in-plane fibers. A schematic of this microstructure is shown in Figure

3-2. Based on the features shown in Figure 3-2, the fairly simple 2-D model shown in

Figure 3-3 was developed.

Here R and d refer to the radius and diameter of the TLR and hWx and hWy are the

half lengths of the unit cell. The inclusion length and half length, I and hi, refer to the sum

of the lengths of the matrix regions and TLR. The TLR was assumed to be cylindrical

(circular in the xy plane). The boundary of the resin region was created by drawing a line

from the tip of the TLR inclusion to a point tangent to the TLR. The angle 0 is the angle

made by the intersection of this line with the X axis. When the TLR is inserted into a

lamina, the otherwise straight in-plane fibers are pushed aside, creating a region of curved
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fibers. Thiscurvedfiber regionwasmodeledasshownin Figure3-2andFigure3-3.The

width of the curvedfiber regionwasdefinedby theparameterL1. Thematerialin this

curvedfiberregionwasassumedto havefiberorientedin the0 direction.Theratioof the

TLR inclusionlengthto theTLR diameter(I/d) wasusedasanotherparameter.Hence,

usingelementarygeometry,both0 andthecoordinatesof thetangentpoint canbedefined

in termsofd andI/d ratio. TheparameterL2 wasusedto definea regionof finemeshin

theFEA models(discussedin thenextsection).Anotherimportantvariableis theTLR

anglethroughthethicknessof the laminate,_. Thethrough-thicknessangle,_lJ,was

definedastheangleof theTLR asreferencedto alinenormalto the laminateplaneas

shownin Figure3-4. As canbeseenin theschematicsin thesefigures,theentireunit cell

canbedefinedby settingthevaluesfor a fewsimpleparameters.

Thismodeldoesnot includetheknotsor surfaceloopsassociatedwith stitched

laminates.For Z-FiberTM materials, in-plane fiber displacement in the thickness direction

were also neglected. Some "fiber-wash" in the Zdirection is typically found in Z-Fiber TM

materials, and is a result of the insertion process. These simplifications aside, the

described model is a reasonable approximation and does capture important microstructural

details neglected in other published research. Specifically, the resin regions, curved fiber

regions and the TLR through-thickness angle have not previously been modeled at this

level of detail, if at all.

3.2. UNIT CELL FINITE ELEMENT MODELS

The general purpose finite element software, "COSMOS/M'r_a, '' was used for the

FEA analysis performed for this research. The accompanying pre- and post-processor
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"Geostar"wasusedto buildandpost-processtheFEAmodels. An incrementalapproach

wasused,with earlyeffortsinvolving2-D planestrainmodels.The2-D modelswereonly

usedto developtheunit cell strategywithinCOSMOS/MrMsincefull 3-D modelswere

the objectivefrom thebeginning.Onlythefully developed3-D unit cellmodelsare

discussedin thisreport.Modelbuildingandanalysiswasautomatedasmuchaspossible

by writing "scripts,"or programs,usingtheCOSMOS/MTMcommandlanguage.

3.2.1. MODEL GENERATION

The FEA unit cell models were based on the model described in section 3.1. Table

3-1 is a master list of all FEA unit cell models. The unit cell models utilized the eight

node "SOLID" element ofCOSMOS/M rM. The SOLID element is a three dimensional

"brick" element with three translational degrees of freedom per node. "Prism" or "wedge"

shaped elements were judiciously utilized by collapsing one side of the brick. The unit cell

models ranged in size from 20,000 to 75,000 degrees of freedom. Typical two ply unit cell

models were on the order of 25,000 degrees of freedom. All results reported here in were

obtained using a "PC" with a single Intel 200 Mhz Pentium-Pro rM processor and

Microsoft Windows NT 4.0. Typical models are shown in Figure 3-5.
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One of the greatest difficulties in building the 3-D multi-ply FEA models was

maintaining mesh compatibility across the interface between plies of different orientation.

The first step in the model building procedure was to create a 2-D geometric model of the

schematic shown in Figure 3-2. This unidirectional geometry was then duplicated and

rotated to produce a star-like geometry that could be utilized for a 0 °, 90 °, +45 ° or -45 °

oriented ply (see Figure 3-6). This "star" model approach is very similar to the "flower

pedal" model originally proposed by Dr. Gary Farley, and utilized in a limited fashion in

[144]. A less detailed but similar approach was also used and reported in [106] and [107].

Utilizing symmetry, 1/8 th of the geometry shown in Figure 3-6 was meshed using a

combination of automatic meshing and manual mesh manipulation. This 1/8 th pie slice was

then replicated and rotated to produce a meshed version of Figure 3-6. Scripts were

written to keep track of and apply the correct material properties and material directions

for each of the 209 different regions shown in Figure 3-6. A different script was

developed for each ply orientation; 0 °, 90 °, +45 ° and -45 °. Three different materials

(unidirectional lamina, TLR and pure matrix) and 13 different material directions (z

direction, 0 °, 90 °, +45 °, -45 °, and a _+0 for each 0 °, 90 °, +45 °, -45 °) were necessary to

characterize the four ply orientations. Typical graphite-epoxy and neat epoxy resin

properties were used. Graphite-epoxy, Kevlar®-epoxy, titanium and steel were used as

TLR materials. The material properties are listed in Table 3-2. A micro-mechanics

analysis described in [ 153, 154] was used to generate the properties for composites listed

in the table. The inputs for the micro-mechanics analysis were taken from manufacturers

product information sheets and from references [153, 155]. The properties for titanium



and steel were obtained from a built in material library within the COSMOS/Nf TM

software.
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Once a full 2-D (xy) mesh was created and given the appropriate properties, the

elements were "extruded" in the Z direction to create 3-D elements with the correct

properties. Since the same FEA mesh was used to create the different plies, mesh

compatibility was maintained when plies of different orientation were stacked. Models

with a non-zero TLR through-thickness angle, _g, were created by extruding the 2-D

geometry/mesh at an angle and manually meshing the empty areas of the rectangular unit

cell box. All elements created by extrusion at an angle were inherently skewed. However,

concern over severe error induced by misshapen elements was alleviated with straight

forward model verification procedures discussed in the next section. Extrusion of the 2-D

circular TLR perpendicular to the xy plane (_=0) resulted in a cylindrical TLR. Extrusion

at an angle (_¢0) maintained a circular cross-section on the xy plane, but created a TLR

with an elliptical cross-section when viewed along the TLR longitudinal axis. Given that

the cross-section can vary significantly in actual TLR materials, this variation was not

considered significant as long as proper volume fractions were utilized in the

interpretations of the results.

Once the 3-D mesh of the model was completed, scripts were used to locate and

identify boundary nodes; and to apply displacement constraints, multi-point constraints,

and loads for each of the six strain cases (see Chapter 2).

3.2.2. MODEL VERIFICATION

The built in check routines of COSMOS/M TM were consistently used to interrogate

the quality of the FEA models. These commands and routines often proved grossly

inadequate at identifying troubled areas of these very complex and detailed models.
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Thereforeotherpracticalmeasureswerealsousedto evaluatethequalityof themodels.

Engineeringjudgmentwasusedextensivelyin thetradeoff of modelcomplexityandsize

versusaccuracyandconvergence.

To havesomefeelingfor thevalidityof theunit cellmodelingassumptionsandthe

qualityof theFEA models,controlmodelswereconstructedandevaluated.Control

modelsweremadeby copyinganexistingTLR modelandchangingthematerial

propertiesandmaterialsdirectionssothatthemodelsimulatedanunreinforcedlaminate,

that is without TLR andits ensuingmicrostructure.For theuniformlyappliedloads

describedin Chapter2, theresultingstressshouldbeuniformthroughoutthe control

models. Manypoorly constructedmodelswith misshapedelementswereidentifiedwith

this technique.Controlcaseswererunfor eachof thesix differentloadcases,thereby

checkingtheelementsfor all sixstresscomponents.

In additionto validatingthequalityof theFEA mesh,themethodof calculating

engineeringconstantswasalsovalidated.Thestiffnesseswerecalculatedfor thecontrol

casesof aunidirectionallaminate,atwo layermodelwith a [0/0] layup. Thesecalculated

valuesexactlymatchedthematerialinputproperties,within adequateprecision. In

additionto modelvalidation,thecontrolmodelswereusedextensivelyasacontrolto

determinetheeffectsof theadditionof TLR.

3.3. STIFFNESS AVERAGING MODEL (TEXCAD)

As was discussed in section 1.5, simple stiffness averaging methods can be used tO

predict the fiber dominated macroscopic elastic constants reasonably well. lsostrain is

assumed across the entire unit cell. A unit cell is composed of N discrete unidirectional



segments,eachwith aknownvolumefractions,V, andstiffness,[C]. The average

stiffnessof this unit cellcanbecalculatedby transformingeachsegmentsstiffnessto

globalcoordinates,andsummingthefractionalcontributionof all segments:

N

[c]" =
m=|
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Equation 3-1.

[T], and its transpose, [T] r , are the well know stress transformation matrices of tensor

algebra (see for example [150]).

The limitations and application of stiffness averaging concepts, and other textile

modeling techniques, are discussed in more detail in [123]. The publicly available so_ware

"TEXCAD," (Textile Composite Analysis for Design) was used to perform the stiffness

averaging for the TLR materials in this work. TEXCAD is described in references [138,

139, 155] and is included in the review found in [123]. TEXCAD was developed to run on

a desktop computer with sufficient ease of use to enable effective utilization as a design

tool. For these reasons, stiffness averaging by way of TEXCAD was selected for

comparison with the FEA unit cell approach described in Chapter 2.

3.4. FLANGE-SKIN MODEL

The problem of a flanged skin in bending was selected as the problem of practical

interest for this study. It is a problem having high inter-laminar stresses and whose fai]ure

modes are dominated by the response to those stresses. In reference [ 156], the authors

proposed this problem as a simplified test of the bond strength between a skin and a



8O

secondarily bonded or co-cured stiffener when the dominant loading in the skin is bending

along the edge of the stiffener. An illustration of the stiffener-skin interface is shown in

Figure 3-7. The test is performed by putting a flanged skin specimen in three or

four point bending, as shown in

Figure 3-8 and Figure 3-9. The flange-skin specimen is a representation of a larger

stiffened skin structure. This simple and relatively inexpensive test captures the same

failure mechanisms as in the larger structure. In addition to being a problem that could be

modeled in some detail with a reasonable computational effort, the experimental portion of

the study reported in [156] involved detailed observations of specimen failure.

A two dimensional generalized plane strain model was used to model the flanged

skin in reference [156]. Due to the three dimensional nature of TLR, the flange-skin

problem was modeled in three dimensions in this work.

The specimen with a 20 ° tapered flange, shown in

Figure 3-8, was modeled with the twenty node "SOLID" element of

COSMOS/M TM. The SOLID element is a three dimensional "brick" element with three

translational degrees of freedom per node. "Prism" or "wedge" shaped elements were

judiciously used by collapsing one side of the brick. Quasi-isotropic layups, [45/0/-

45/9016s, ofAS4-3501-6 graphite-epoxy lamina were used in both the flange and skin. As

was the case in the unit cell models, each ply was 0.006 inches thick. The dimensions of

the specimen are shown in

Figure 3-8. The width of the specimen was carefully selected so that at least one

unit cell could be fully represented across the width in the Y direction. The edges of the
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specimen,the XZ planesatthemaximumandminimumY coordinates,wereconstrained

to havezeroY directiondisplacements,thusplacingthemodelin planestrain. Thefinite

elementmeshfor thisproblemis showninFigure3-10. As failurehasbeenshownto

beginnearthetip of theflange,onlytheregionneartheflangetip was modeled with a fine

mesh. In the fine mesh region extended four plies into the flange and four plies into the

skin, with each ply and each TLR modeled by separate elements with the proper material

properties. The coarse mesh region was modeled with smeared properties of a quasi-

isotropic laminate composed of AS4-3501-6 lamina, with and without TLR. Input

material properties are listed in Table 3-3. Symmetric boundary conditions were used at

the specimen centerline so that only half of the specimen was actually modeled. Boundary

conditions representing three point bending were applied as shown in Figure 3-10 and a

force of 4.36 lbs was applied to each node across the width at the centerline of the

specimen.



Table 3-3 Material input properties for the coarse mesh region of the

flange-skin FEA model.

"Smeared" Properties for Quasi-lsotropic

Laminates with and without 2% TLR

Gr-Ep Lamina (AS4-3501-6)

No TLR Graphit/Epoxy Steel

Ex (Msi)

Ey (Msi)

.....Ez!M !!....
Gxv (Msi)

Gyz (Msi)

Vxy

Vyz

Vxz

7.58 7.07 7.72

7.58 7.06 7.72

1.43 1.76 2.04

2.937 2.71 2.99

0.651 0.582 0.846

0.651 0.584 0.846

0.29 0.30 0.29

0.26 0.29 0.27

0.26 0.21 0.27
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Four different versions of this basic model were analyzed. A control model

without TLR, and three models with TLR throughout the specimen. The control model

without TLR is shown in Figure 3-10. This baseline model was duplicated and TLR was

added by changing the material properties for certain elements in the fine mesh region, and

changing the properties for all the elements in the coarse mesh region. Three variations

were examined: a graphite-epoxy TLR with a diameter of 0.025 inches, a graphite-epoxy

TLR with a diameter of 0.008 inches, and a steel TLR with a diameter of 0.008 inches.

The volume fraction of the TLR was two percent in all three cases. The material input

properties for the TLR were the same as those used for unit cell models and are listed in

Table 3-2. The properties used for the coarse mesh were "smeared" by calculating the

laminate properties with the TEXCAD software discussed in the previous section. These

"smeared" properties for a quasi-isotropic laminate with and without TLR are listed in

Table 3-3. The FEA mesh for the stiffener-skin models with TLR is shown in Figure 3-11.
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Theprimaryobjectiveof this modeling effort was to examine the effect of the TLR

on the material in regions in between the TLR. Considering the limitation of available

computational resources, a careful study of the results of the unit cell analyses was used to

determined that the modeling objectives could be met by neglecting the microstructural

features of pure resin regions and curved fibers next to the TLR. The shape of the TLR

was also approximated to be a square. Correct proportions and properties for the TLR

and lamina materials were maintained, thereby resulting in the proper structural response

being translated to the regions between the TLR. ARer several iterations, a uniform three

dimensional grid was selected with the elements being 0.0082 inches square and 0.006

inches thick with an aspect ratio of 1.4. These element dimensions allowed the individual

lamina to be modeled separately and the different diameter TLR to be modeled with an

integer multiple of the basic element size. Thus the same element grid was used in all four

variations of the flange-skin model. Figure 3-12 is a close-up view of these elements with

the different material properties being shown. Even with these approximations, the final

model contained 6,804 elements and 32,818 nodes.

The "bond" feature of COSMOS/M was used to join the fine mesh region to the

coarse mesh of the rest of the model. This bonding of surfaces consisted of using multi-

point constraints to tie together the displacements of nodes associated with the adjoining

faces. The disparity between the element size of the fine mesh and that of the coarse mesh

was too large for this method to work very accurately. Hence, error was introduced in the

areas that were bonded. This error appeared in the stress results as severe stress

concentrations at the "bonded" points. Another limitation of these models was the general

refinement of the finite element mesh. The fine mesh was not small enough to accurately
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capture the severe stress gradients in and near the TLR. The regions of interest were four

plies away from the "bond" points and the stress gradients between the TLR were much

less severe than those within the TLR. For these reasons, it was felt that these models

were adequate for addressing the question of damage initiation in the regions between the

individual TLR at the interface between the skin and flange.
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0.010 inch
titanium TLR

Curved fiber

Y

Gr-Ep lamina

Pure resin

region

Figure 3-1 Micrograph showing curved fibers and pure resin regions of a

graphite-epoxy laminate with a titanium TLR. Z-Fiber TM sample courtesy of

Foster-Miller Inc. and Aztex Inc.
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pure resin region

inclusion lengthi_ I _i

wy

I_ WX

/TLR

/e

\
curved fiber region

Y

1
;X

in-plane fiber direction
Ira=...=

Figure 3-2 Schematic of TLR microstructure showing curved fiber and

pure resin regions.
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hwx

Coarse mesh

Fine mesh

hwy

Y

I
_XJr

h, % _!
L2

in-plane fiber direction
r

i |',t

Figure 3-3 Schematic of 1/4model of TLR lamina with all necessary

dimensions and parameters labeled.
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lamina

Z

l TLR
_-X

Figure 3-4 Definition of TLR through-thickness angle _.
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Z

X

TLR

pure resin regions

[0/90] two ply unit cell model color coded
for material properties (1/4 cut away)

curved fiber

Z

X

TLR at W = 45 degrees

zero degree ply

\
90 degree ply

[0/90] two ply unit cell model color coded
for material direction (1/2 cut away)

Figure 3-5 Typical finite element unit cell models with the element color

coded for material properties (above) and for material directions.
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Figure 3-6 2-D geometry unit cell geometry.
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Frame or stiffener

(,_..__.) F Rang_.._ Tip °l flange

_kk _ Skin

Bondline /

__-_._l Transverse Shear

Failure initiation Moment

Figure 3-7 Illustration of stiffener-skin interface [156].
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/

.75" 1.75" _._

i_ 5.o" - I--

Figure 3-8 Proposed flange-skin test specimens for simulation of the

stiffener-skin disbond problem in a stiffener pull-off test [156].
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Load

i
I _ I

DCDT

Load.

DCDT

1/2 Load

I 1

_DCDT

1/2 Load

lr

I

Figure 3-9 Bending test configurations for flange-skin test [156].
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applied
force

skin

\{!

Fine mesh region

/
flange

/

Figure 3-10 Finite element model of the flange-skin specimen without TLR.
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/
TLR

Vf=2%

d = 0.025 in.

TL/,_ Vf = 2%
d = 0.008 in.

Figure 3-11 Fine mesh regions of flange-skin FEA models with TLR.
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Z

flange_

pure resin region
at the ply end

flange

Figure 3-12 Details of the fine element mesh for the flange-skin model.



CHAPTER 4

ELASTIC PROPERTIES - STIFFNESS
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The nine independent engineering constants, F__,Ey, Ez, Gxy, Gx_, Gyz, V,,y, Vx_, and

vy_, completely define the stiffness of an orthotropic material. As noted in Chapter 2, a

TLR material is not orthotropic in the strictest sense. However, in the macroscopic sense

the assumption is a reasonable one. The engineering constants are used for a physical

interpretation of the elastic behavior of materials and structures. Extensional modulus, E,

relates the normal strain to normal stress and is the "stiffness" of a material undergoing

elongation. Shear modulus, G, relates the shear strain to shear stress. The Poisson's

ratio, v, refers to the lateral contraction of a material under a uni-directional extensional

loading. The subscripts refer to the coordinate directions and relate each stiffness with its

corresponding stress and strain component.

These nine engineering constants were calculated by using two methods: 1) a

stiffness averaging technique using TEXCAD analysis software, and 2) a unit cell analysis

using FEA. The results of these analyses are listed in Table 4-1 through Table 4-3. The

focus of the following discussions wilt be on the extension and shear moduli, E's and G's,

which have physical meaning that can be grasped fairly easily. This chapter begins by

discussing the results for the control cases without TLtL followed by discussions of the

effects of various important TLR parameters. The chapter closes with a brief summary

discussion of the important findings and their significance.
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4. 1. CONTROL CASES

Four different lamina stacking sequences, or layups, were selected for this study: a

cross-ply laminate, [0/90]; an angle-ply laminate, [+45/-45]; a uni-directional laminate,

[0/0]; and a quasi-isotropic laminate, [+45/0/-45/90]. The elastic response of these four

layups captures many of the important aspects of the behavior of laminated composites.

The results for the control cases, that is laminates without TLR, are listed in Table 4-1.

Also shown are the input properties for the AS4-3501-6 lamina materials used throughout

this work. Both the TEXCAD and FEA results for the [0/0] laminate are within one

percent of the input properties. With the exception of G_ and G_, the TEXCAD and

FEA results for the other unreinforced laminates were in agreement also. The G,_ and G_-z

values differed by 7-9 percent. Hence TEXCAD and FEA agreed very well for the control

cases. Since it was the objective of this work to study the effect of adding TLR to a

laminate, the discussions and figures in the following sections will focus on the percent

change in the properties in question. The percent change is defined as the difference

between two values, divided by the control value. The change is relative to the control

case for each specific layup and analysis method. A positive percent change indicates an

increased value while a negative percent change indicates a decreased value.

4.2. LAMINA STACKING SEQUENCE (LAYUP)

Figure 4-1 through Figure 4-3 are plots of the effect of TLR on the different

layups. The [0/90] layup, with a 0.025inch diameter Gr-Ep TLR at 1.9 percent volume

fraction will be used as a baseline and will appear in all plots in this chapter.
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In general, adding TLR to an otherwise 2-D laminate slightly reduces the in-plane

stiffness in the X direction, E×. This reduction of in-plane stiffness was under seven

percent in all layups and can be attributed to the replacement of in-plane material with the

so_er TLR inclusion. The effect on the Y direction stiffness, E y, was similar, with the

exception of the uni-directional laminate, where the TLR caused a one percent increase in

E s. A possible explanation for this difference is the greater Poisson effect of a uni-

directional laminate under transverse (Y direction) loading. The addition of the TLR

would restrict the Poisson contraction in the Z direction. Such restriction could cause

resistance to the applied load and thereby result in an effective increase in the stiffness in

the Y direction. This increase in stiffness offsets the softening due to the added pure resin

regions of the TLR inclusion. Although these effects are fairly small, it is important to

understand the mechanics of the material if implications for strength are to be made.

The effect of TLR on Z direction stiffness, Ez, is shown in Figure 4-3 The

addition of the stiff Gr-Ep TLR oriented in the Z direction resulted in a 23 percent to 27

percent improvement in the overall material Z direction stiffness. The [0/0] laminate had a

slightly higher value for the same likely reasons as just discussed/:'or Ey.

The shear stiffnesses Gxy, G= and G_ were reduced in a similar manner and for

similar reasons as the in-plane extensional stiffnesses, Ex and Ey, that is the replacement of

in-plane stiffness with softer material of the TLR inclusion. For this amount of TLR (1.9

percent), these reductions were relatively small, only nine percent in the worst case.
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4.3. TLR THROUGH-THICKNESS ANGLE

The effect of the through-thickness angle of the TLR, tF, was studied by evaluating

this parameter at values of 0 ° (baseline), 15° and 45 °. A value ofw = 0 ° has the TLR

normal to the plane of the laminate. The variation of _ had no effect on the reduction of

the in-plane stiffnesses, Ex and Ey. This finding is not surprising in that the models used

herein varied _ without changing the volume fractions of the constituents (see section 3.2

for details). Only the orientation of the TLR was changed.

The TLR through-thickness angle did have an effect on extensional stiffness, Ez

(see Figure 4-4). Increasing _ lowered the E_. This trend is consistent with the fact that

an angled TLR has less stiffness in the Z direction. The stiffness averaging method used in

TEXCAD predicts that the increase in Ez, will drop from 23 percent to 3 percent when the

TLR angle is changed from 0 ° to 45 °. The FEA analysis predicts a change from 23

percent to 15 percent for the same values. It is likely that TEXCAD under-predicts the

positive contribution ofa TLR at 45 °. In the more detailed FEA model, the TLR has a

larger contribution than what is assumed by simple stiffness averaging.

Changing the TLR angle did not significantly affect the small reductions of the

shear stiffnesses G_ and Gy_. Likewise, the FEA calculated changes in G,= were also not

affected. However, as can be seen in Figure 4-5, TEXCAD predicted that the TLR effect

on G,_ would change from negative three percent to positive ten percent. This change can

be accounted for by the fact that 45 ° is the optimum orientation for maximum shear

stiffness. Stiffness averaging captures this effect, and as the small amount of TLR rotates

away from 0 ° toward 45 °, the increased shear stiffness contribution of the TLR offsets
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thesofteningeffectof theaddedpureresinregions.Thiseffectisnot observedin theFEA

results,suggestingthatactualmicrostructurewouldnotrespondaccordingto G_'s

predictedby stiffnessaveraging.

4. 4. UNIT CELL THICKNESS AND TLR DIAMETER

The thickness of the unit cell and the diameter of the TLR were studied by

maintaining a 1.9 percent TLR volume fraction and adjusting other model parameters. A

thick unit cell was modeled with the FEA method by duplicating the [0/90] baseline in the

thickness direction, resulting in a [0/90]9 laminate model. A small diameter FEA model

with the same TLR volume fraction was created by scaling down the in-plane dimension of

the unit cell while leaving ply thickness constant. The diameter of the TLR was reduced

from the baseline 0.025 inch to 0.010 inch, with unit cell outer dimension adjusted

accordingly. Since these models all had the same volume fractions, it was expected that

the stiffness averaging method would predict the same values for each case. The FEA

models were used to determine ifa thickness effect, or a TLR-diameter/ply-thickness

effect were possible. As shown in Table 4-2 and Table 4-3, changing these thickness did

not affect the calculation of the engineering constants. For all nine constants, the results

calculated from the three different models were all within one percent of each other.

Therefore, changing the ratio of TLR-diameter/ply-thickness and changing the number of

plies did not change the effect of adding TLR. Getting the same results for the [0/90] and

the [0/90]9 models was particularly important, as it confirms that potential bounda1_¢

reaction problems at the top and bottom surfaces did not affect calculation of engineering

constants.
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4. 5. TLR VOLUME FRACTION

The TLR volume fraction was varied from the baseline 1.9 percent in two cases.

A 0.3 percent TLR model was created by keeping unit cell outer dimensions constant, and

decreasing the TLR diameter from 0.025 inch to 0.010 inch. The TLR inclusion was

scaled accordingly. A 4.9 percent TLR model was created by decreasing the unit cell in-

plane dimensions (Wx and Wy) while maintaining the same 0.025 inch TLR diameter. In

order to fit the TLR inclusion within the unit cell borders and maintain adequate FEA

mesh, the ratio of inclusion-length/TLR-diameter (I/d) was reduced from five to three. It

was felt that this change would not obscure the import influence of the amount of TLR.

As can be seen in Figure 4-6, increasing the TLR volume fraction significantly

decreased the in-plane X direction stiffnesses, E_. An identical result was found for Ey.

The stiffness prediction calculated using TEXCAD was consistently lower than that from

FEA. This trend is most prominent in the case with 4.9 percent TLR, where the

TEXCAD and FEA methods predicted a reduction in E_ of nine percent and 15 percent,

respectively. This difference may be explained by the fact that the TEXCAD models do

not account for the curved in-plane fiber. In addition, in the FEA models the pure resin

regions shield the TLR and keep it from carrying load and contributing to the overall

stiffness. Stiffness averaging assumes that all segments contribute their share of stiffness

and do not interact with each other.

Unlike for the in-plane stiffnesses E_ and Ey, the TEXCAD and FEA results for

out-of-plane stiffness, Ez, were within one percent of each other, in both percent change

from control and in actual Ez values (see Figure 4-7). Increasing the TLR volume fraction
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significantly increased the positive effect on Z direction stiffness. A 1.9 percent addition

of TLR increased Ez by 23 percent while adding 4.9 percent TI,R resulted in a 64 percent

improvement. Adding even a small amount of a very stiff material in a trans-laminar

fashion has a significant impact on the otherwise compliant Z direction elastic response.

The effect of TLR volume fraction on the in-plane elastic shear response, Gxy, can

be seen in Figure 4-8. The TEXCAD results show a steadily increasing reduction of Gxy

with increasing TLR volume fraction. As discussed before, more TLR results in larger

amounts of the relatively compliant pure resin regions. However, the FEA results show a

minimal effect. This difference is likely due to the presence of the curved fibers in the

FEA models. Angled fibers can carry more shear load. Hence, the small amount of in-

plane curvature caused by inserting the TLR may be contributing to the effective

resistance to shear, and thus providing stiffness that offsets the added compliance of the

pure resin regions. This difference is most prominent in the case of 4.9 percent TLR,

where the angle of the curved fibers is slightly higher than that of the other cases. This

greater fiber curvature was a result of the shortened TLR inclusion length for that case.

For the out-of-plane shear stiffnesses G.,= and Gy_, in both the TEXCAD and FEA

results, increasing TLR volume fraction increased the reduction caused by adding TLR.

There was no fiber curvature in the out-of-plane, or z, direction in these models. This

effect was small however, with the change in Gx_ and Gy_ only being negative four percent

at the worst case 4.9 percent TLR.
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4. 6. TLR MATERIAL

The effect of varying the properties of the TLR was examined by creating and

comparing models with four different TLR materials: Graphite-Epoxy (baseline),

Kevlar®-Epoxy, Titanium and Steel. As can be seen in Table 3-2, listed in order of

increasing longitudinal modulus, E, these materials rank K-EP, Titanium, Gr-Ep and Steel.

They rank K-EP, Gr-Ep, Titanium and Steel with increasing shear modulus, G. In

addition to allowing a determination of the relative importance of E and G, these materials

are readily available and have been used for TLR in various experimental studies.

The results for the effect of the different materials on the X direction stiffness, Ex is

shown in Figure 4-9. An identical result was found for Ey, hence the figure refers to the

results of both E× and Ey. In the TEXCAD results, the reduction in these in-plane

stiffnesses decreased as the TLR modulus increased. It is likely that increasing the

stiffness of the TLR material added sufficient stiffness to compensate for the softening

effect of the pure resin regions, at least as calculated by stiffness averaging. In the case

with steel TLR, the positive effect of the added stiffness of the TLR and negative effect of

the pure resin regions offset each other, resulting in a net overall effect of zero percent

change. This trend was not the case in the FEA results, where the in-plane stiffness

reduction remained fairly constant at about negative seven percent. As suggested in

previous sections, the pure resin regions shield the TLR in plies oriented in the loading

direction and prevent it from contributing to the over all stiffness. Therefore, the high

transverse modulus of steel and titanium TLR could not contribute to overall stiffness, and

the FEA in-plane stiffness results were all about the same.
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In Figure 4-10, the relative ranking of the changes in Z direction stiffness, Ez,

follows the same order as that for the increasing TLR modulus, E Adding steel TLR

resulted in a 35 percent and 42 percent increase according to the FEA and TEXCAD

analyses, respectively. As with the in-plane stiffness results, the TEXCAD analysis

consistently predicted a greater out-of-plane stiffness, Ez, than did the FEA analysis. This

difference was the greatest for the case with the stiffest TLR material, steel.

This difference between the TEXCAD and FEA results can be seen with a much

greater magnitude in the in-plane shear, Gxy, results. As shown in Figure 4-11, with

stiffness averaging, the larger shear stiffness of titanium and steel caused significant

increases in Gxy. These large effects were not evident in the FEA results, where changing

material had a minimal effect on G_y. As was discussed earlier in section 1.5, stiffness

averaging over predicts matrix dominated properties such as in-plane shear stiffness, Gxy.

This difference between TEXCAD and FEA was also evident in the out-of-plane

shear stiffnesses G,= and G_, although to a much lesser extent. The G,= and G_ results

were identical and the effects on G_ shown in Figure 4-12 are representative for both G_

and G_. As can be seen in the figure, the TLR only had an effect on inter-laminar shear

stiffness in the cases with steel and titanium TLR; that have a shear stiffness an order of

magnitude higher than that of either the composite TLR or the unreinforced lamina (see

Table 3-2).



109

4.7. TLR CREATED MICROSTRUCTURE - RESIN REGIONS

AND CURVED FIBERS

During the insertion of TLR the straight in-plane fibers are pushed aside, creating

regions of pure matrix and curved fibers next to the TLR. As has been discussed above,

these microstructural features play an important role in the mechanical response of TLR

materials. To study the effect of this microstructure, the baseline [0/90] TLR model was

modified to create two new cases. The first case is referred to as the straight fiber model

(SFM). The regions of curved fibers were not included in this model. In the FEA model,

this was done by simply changing the material properties of the elements that constituted

the curved fiber volume. It is important to note that all TEXCAD cases were effectively

SFM models, as properties of curved fibers were not included in any of the stiffness

averaging. The second varied microstructure model is referred to as the drilled hole model

(DHM). In the DHM, neither the curved fibers nor the pure resin regions were included,

resulting in a microstructure that could have been created by drilling a hole and then

inserting the TLR.

The results for the in-plane extensional stiffnesses Ex and Ey are shown in Figure 4-

13 (only E× results are plotted as the Ey results were identical). The SFM results were

essentially the same as those of the baseline. For the DHM TEXCAD results, not

including the pure resin region caused the reduction in in-plane stiffness to change from

negative five percent for the baseline to negative one percent for DHM. Therefore, for

stiffness averaging, it was the addition of the softer pure resin regions that dominated the

reduction of in-plane properties. In the FEA results, the reduction only changed from

negative seven percent to negative five percent, a much smaller effect.
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Thecurvedin-planefibersandpureresinregionsdid not playa significantrole in

theTLR effectonout-of-planeor Z directionstiffness,Ez,(seeFigure4-14). Compared

to the 23percentchangein Ezfor thebaseline,theDHM resultedin a25 percentincrease.

TheSFMandDHM Z directionstiffnessresultsfor TEXCAD and FEA agreed relatively

closely.

The in-plane shear, Gxy, results are shown in Figure 4-15. There was minimal TLR

effect in the DHM which had no curved fiber and no pure resin regions. Considering the

pure resin regions only, that is the SFM, adding TLR reduced the in-plane shear stiffness

by about four to five percent. This is consistent with the lower shear stiffness of pure

matrix. Considering the curved fibers and resin regions, that is the baseline FEA case, the

in-plane shear stiffness was again minimally affected. This finding supports the hypothesis,

discussed in section 4.4, that the curved fibers contribute shear stiffness that offsets the

softness of the neat resin.

The inter-laminar or out-of-plane shear stiffnesses G_ and G_ were only minimally

affected by the presence of the curved fiber and pure resin regions. The change was only

negative three percent in the base line, and zero percent in the DHM.

4. 8. SIGNIFICANCE AND APPLICATION

The addition of small amounts of TLR (less than five percent) had small effects on

the in-plane extensional and shear stiffnesses, E_, Ey, and Gxy. However, adding only a

few percent of very stiff TLR resulted in relatively large improvements in the out-of-plane

stiffness, Ez. The longitudinal modulus &the TLR is an order of magnitude greater than

that of the unreinforced laminate in the Z direction. With the exception of the titanium and
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steel TLR cases, the inter-laminar shear properties, Gx_ and Gy_, were mildly degraded,

even in the material with 4.9 percent TLR. Both steel and titanium have a shear stiffness

an order of magnitude larger than that of the unreinforced lamina.

These findings suggest that using TLR with an extremely high stiffness will result

in a significant improvement in the corresponding elastic constant. Although a 20 to 60

percent improvement is considerable, it is important to realize that increasing a small

number by 60 percent still results in a small number. The thickness direction properties of

composite laminates are an order of magnitude lower than the in-plane properties. In

addition, the large improvements in inter-laminar stiffness suggested by these analyses may

not be achievable in real materials. In these models, a perfect bond was assumed between

the TLR and the surrounding medium, allowing full transfer of inter-laminar loads from

the lamina into the TLR. In real TLR materials, bonding would not be "perfect." There

will always be microcracks in and around the TLR and the pure resin regions. Such

microcracks are caused by the different thermal expansion of the different materials during

processing, and by disbonding of the TLR from the surrounding medium due to high inter-

laminar stresses. For these reasons, it is unlikely that an order of magnitude higher

intrinsic stiffnesses of a TLR can be fully translated into the laminate on a volume

averaging basis.

The slight reductions in the in-plane properties have been generally attributed to

the replacement of stiff in-plane material with the relatively soft TLR inclusion materials.

In these models, neither changes to in-plane fiber volume fraction nor increases in laminate

thickness were considered. Rather a direct substitution was made. In a real laminate
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adding two to five percent volume must cause a change either in the overall thickness, in

the fiber volume fraction, or in both. In various references on TLR, the authors have noted

the added thickness caused by adding the TLR (see for example [62, 66]). Once such a

change is accounted for, the already small reductions in in-plane stiffnesses become even

less of an issue.

Being able to predict the engineering constants quickly and easily is still an

extremely valuable asset for design purposes. Comparing the TEXCAD and FEA analyses

used here, there was less than ten percent difference in all cases of in-plane extensional

stiffness, Ex and Ey. The maximum difference for Z direction stiffness, Ez, was six percent

for the steel TLR case, and less than three percent in all other cases. The TEXCAD and

FEA in-plane shear Gxy results differed by more than ten percent only in the steel TLR

case and the 4.9 percent TLR case. The differences between TEXCAD and FEA results

for the inter-laminar shear stiffnesses, G._ and Gy_, ranged from zero to 21 percent in all

cases examined. These things considered, stiffness averaging offers a quick, easy and

reasonably effective method to estimate the engineering constants.
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Figure 4-1 Effect of various ply orientations on the TLR induced changes

to laminate Ex.
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Figure 4-2 Effect of various ply orientations on the TLR induced changes

to laminate Ey.
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Figure 4-3 Effect of various ply orientations on the TLR induced changes
to laminate Ez.
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Figure 4-4 Effect of TLR through-thickness angle on TLR induced changes

to laminate Ez.
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Figure 4-5 Effect of TLR through-thickness angle on TLR induced changes

to laminate Gxz.
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Figure 4-6 Effect of TLR volume fraction on TLR induced changes to
laminate Ex.
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Figure 4-7 Effect of TLR volume fraction on TLR induced changes to

laminate Ez.
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Figure 4-8 Effect of TLR volume fraction on TLR induced changes to

laminate Gxy.
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Figure 4-9 Effect of TLR material on TLR induced changes to laminate Ex.
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Figure 4-10 Effect of TLR material on TLR induced changes to laminate Ez.



123

Effect of TLR Material on Gxy
Gxy TEXCAD

Gxy FEA

Steel

Titanium

K-Ep

Gr-Ep

-20 -15 -lO -5 o 5 lO 15 20 25 30

% Change From Control Case Without TLR

[0/90] d=0.0025in. _=0 Vf=1.9%

Figure 4-11 Effect of TLR material on TLR induced changes to laminate

Gxy.
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Figure 4-12 Effect of TLR material on TLR induced changes to laminate
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Figure 4-13 Effect of pure resin regions and curved fiber on TLR induced

changes to Ex.
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Figure 4-14 Effect of pure resin regions and curved fiber on TLR induced

changes to Ez.
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Figure 4-15 Effect of pure resin regions and curved fiber on TLR induced

changes to Gxy.
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CHAPTER 5

STRESS AND IMPLICATIONS FOR STRENGTH

A large number of different "failure mechanisms" for composite laminates can be

found in the literature. There is not a consensus on the names of many of them.

However, most failure events can be broken down into combinations and sequences of

three simple mechanisms: fiber failure, transverse crack formation, and delamination.

Stated another way, laminate failure can most always be traced to cracks forming

transverse to the fiber direction in a the uni-directional ply, and/or cracks forming between

the plies and/or fibers breaking.

The strength of any material is the stress at which failure, however defined, occurs.

In the following sections the effect of adding TLR will be discussed in terms of stress and

implications for failure and strength. After a brief examination of the in-plane tension and

compression response, the discussion will focus on the "Achilles' Heel" of laminates, that

is delamination. A strength of materials approach is used to examine the initiation of

delamination.

5. 1. IN-PLANE STRENGTH - TENSION AND COMPRESSION

Unless instability under compression is considered, the tension and compression

linear elastic responses of materials as modeled by FEA are equivalent. The term

compression will be used here, but the stress concentration results of the FEA should

apply equally to tension failure.
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As discussed in Chapter 1, many researchers have found that adding TLR reduces

the in-plane properties of composites. Many discussions cay be found in the literature

about how the microstructure associated with TLR affects the in-plane tension and

compression response. Pure resin regions and curved or broken in-plane fibers are

associated with the reduction of in-plane tension and compression properties. While this

hypothesis is conceptually sound, there have been few detailed experimental or analytical

studies focusing on the mechanisms of in-plane property reduction due to the addition of

TLR.

The top portions of Figure 5-1 through Figure 5-3 show the microstructural

features of pure resin regions and curved fibers associated with TLR. The figures contain

close-up views of the elements color coded for material property, hence showing model

details. In Figure 5-1 a "drilled hole model," (DHM) is shown. The TLR laminate is

modeled as ifa hole were drilled in the uni-directional lamina and the TLR inserted. This

simplification does not include pure resin regions a-.d curved fibers. Figure 5-2 shows a

close up &the "straight fiber model," (SFM). In this case the resin regions have been

added, but all the in-plane fibers are assumed to remain straight. Figure 5-3 shows the

baseline model which includes both pure resin regions and curved fibers. As discussed in

Chapter 3, these three FEA models were all copies of the same finite element mesh, with

the materials properties for elements appropriately assigned in each case.

The bottom portions of Figure 5-1 through Figure 5-3 display the stress

distributions around the TLR. These plots have the same view of the elements in and

around the TLR as the plots in the top portions. However, in the stress plots the color
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codingcorrespondsto stresslevel. A 10ksi compressiveloadwasappliedin all cases(see

Chapter2 for loadingdetails)andtheplotsall havethesamestressscale,zeroto negative

50ksi. As expectedfor afilled hole,in thedrilledholemodeltherewasastrongstress

concentrationadjacentto theTLR. In thethreefigures,thestressconcentrationsare

notedandareevidencedbytheconcentrationof color atthe extremesof the stressscale.

Comparingthestressplotsfor thethreemodels,it canbeseenthat addingthepureresin

regionslessenedthisstressconcentrationandshieldedtheTLR from carryingin-plane

compressiveload. Additionof thecurvedfiber lessenedthestressconcentrationeven

further, andspreadtheconcentratedstressovera largerarea. Thisfinding is consistent

with thepracticeof stitchingdryfiberpreformsratherthanprepregmaterials.In adry

fiberpreform,thestitchingneedleandthreadpushin-planefiberasidecreatingfiber

curvaturethat lessensthestressconcentration.By stitchingprepreg,wherethein-plane

fibersareheldin placeby theresin,theneedleandthreadpokea holeandbreakin-plane

fibers, resultingin a largerstressconcentrationandlowerin-planestrengths.Whilehaving

fibersthat curvearoundtheTLR maybebetterthaneffectivelydrillinga hole,thecurved

fibersthemselvesoffer apotentiallyweakregionwherefailurecanstart,resultingin a

lower in-planecompressionstrengththanlaminateswithout TLR.

Compressionfailureof laminatedcompositematerialsisa complexsetof

mechanismswith termssuchas"brooming,","shearkinking,""kink bandformation,"and

"sublaminatebuckling"commonlyusedin the literature.No matterwhichparticular

compressionfailuretheoryonesubscribesto for agivensituation,it standsto reasonthat

the concentrationof appliedcompressivestresscausedbyaddingTLR, will lower the so

called"compressionstrength"of the laminate.Additionally,curvedfiber regionsin plies
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aligned with the applied load should present a weak area, because these curved fibers are

not oriented in the direction of compressive stress like the rest of the ply.

In [80] the mechanism of reduced compression was investigated in terms of the in-

plane fiber curvature caused by the surface loops and knots associated with stitching.

Such curvature is out-of-plane with respect to the laminate. However, in-plane curvature

also occurs as shown in the models in this work, that is curvature due to in-plane fibers

curving around the TLR inclusion. Such curved fiber imperfections are likely to play an

important role in compression failure unless the curvature is small enough to be on the

same scale as the inherent waviness of the lamina. Quantitative measurement of fiber

waviness is extremely difficult and exact values are not known. Fiber waviness is quite

variable with the magnitude depending on the quality of processing. However, the

addition of very small diameter (0.010 inches) discontinuous TLR in the form of Z-Fiber TM

was found to have a negligible affect on compression strength [131]. The non-effect of

very small diameter TLR on compression strength would not be evident in the FEA

studies done in this work, because the in-plane lamina were modeled as perfectly straight

material with uniform material properties.

5. 2. DELAMINATION INITIATION

Many experimental and analytical studies have concluded that TLR restricts or

impedes the growth of delamination. However, there has been little or no detailed study

of whether TLR can delay the onset or initiation of delamination. In the following

sections the question ofdelamination initiation is addressed. The answer to this question

has important design implications. The strength of materials approach used in this work is
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first described and then a discussion of the results of the FEA analysis is given.

Comparison with experimental work is done in the last section where important

mechanisms are discussed in the light of experimental findings reported in the literature.

5.2.1. STRENGTH OF MATERIALS APPROACH

In the approach used here, it is assumed that a delamination will start in one of two

ways. Either a crack will form directly between plies due to an inter-laminar stress

exceeding the inter-laminar strength of the material, or a delamination may evolve from a

transverse crack formed within a ply when a transverse tensile stress exceeds the

transverse strength (90 ° strength) of the uni-directional lamina. In the second case,

delamination is assumed to be initiated when the transverse crack is formed. In both types

of failure initiation, a maximum stress failure criterion is assumed. This approach is a

strength of materials approach, as opposed to a fracture mechanics approach, and hence is

only valid in addressing the beginning or initiation of damage. Damage progression is not

considered.

Two stress components will be studied for the direct formation of delamination:

the inter-laminar normal stress, oz, and the inter-laminar shear stress, z._. These stresses

will be examined at the interface between plies. The maximum transverse tensile principal

stress, PI, will be studied for the formation of a transverse crack, and hence initiation of

delamination. Figure 5-4 illustrates the concept of the maximum transverse tensile stress.

Each individual lamina is transversely isotropic, with material properties being independent

of the direction perpendicular to the longitudinal fiber direction, or "1" direction in the

principal materials coordinates. Hence, a simple application of the two dimensional
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maximumprincipalstressformula(Mohr'scircle)yieldsthemaximumtransversetensile

stressin theply, for agivenstateof globalstress.Thismethodis thesameasthat usedin

[156]. Thestressat apoint within theply is transformedfrom thexyz globalcoordinate

systemto the 123principalmaterialcoordinatesystem.Themaximumtransversetensile

stress,P1,canthenbecalculatedby:

i( )2P 1 - 0-22 +033 -I.- 0-22 - 0.-33 -Jr 2

2 2 r23

Equation 5-1.

To examine the effect of TLR on delamination initiation, the stress results of the

unit cell analyses were used. The results in this section are for the ez and y_ load cases for

each unit cell model (see Chapter 2 for loading details). These two load cases represent

inter-laminar normal and inter-laminar shear conditions, respectively. In a pure ez loading,

the delamination is most likely to initiate directly from-oz at the ply interface, or indirectly

from P1 in an off-axis ply. The symbol P 1z will be used to refer to the maximum

transverse tensile stress under inter-laminar normal loading. Likewise for y_ loading, -c._

and P1 '_ will be used to refer to the stresses that are most likely to lead to delamination

initiation. The inter-laminar stresses o_ and _ are of interest at the interface between

plies, hence the average stresses were calculated from the FEA results for the nodes at the

interface. These interface nodes belong to the common face of adjacent elements on

opposite sides of the interface. The P1 z and P1 _ stresses were calculated only at nodes

within the off-axis plies (90 ° or 45 ° plies). The values for P1 did not include results for

any nodes at the interface or ply boundaries.
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The "nodal stress" output of COSMOS/M was used to generate these results. The

"nodal stress" is the average of the values of element stress at the node for all the elements

to which that node belongs. In order to avoid having the results unduly influenced by

extreme values that could occur due to numerical error, and in order to obtain a measure

of stress over certain regions of interest, a stress averaging technique was used. The

"nodal stresses" were averaged over areas shown in Figure 5-5 and Figure 5-6. These

areas were selected in order to minimize potential boundary effects and to examine the

stress both inside and outside the TLR. The "in" area refers to the cross section the TLR

at the ply interface. The "out" area refers to the area outside the TLR and includes nodes

belonging to the microstructural features of pure matrix and curved fiber. The "lam" area

refers to nodes out in the lamina that belong solely to elements with straight lamina

properties. Thus comparisons of"in" and "out" average stress will illustrate potential load

path changes where adding the TLR directs the load away from the interface into the

TLR. Comparisons of the "out" and "lam" areas demonstrates the effects of the pure resin

regions and curved fibers..

These average stresses have been normalized by the same averaged stress found in

the control cases without TLR. With the exception of the models with 45 ° plies, in all

control cases the applied 10 ksi az or _, resulted in uniform 10 ksi stress throughout the

unit cell. There was a small variation of stress in control cases that contained 45 ° plies.

This variation was always less than two percent and was suspected to be a result of

imperfect boundary conditions as previously discussed in section 2.2.2. This small

variation was neglected and normalizing consisted of dividing the stress value by 10,000.

For normalized stress values greater than 1.0, adding TLR caused that stress component
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to increase.Likewise,normalizedvalueslessthan1.0indicatethatthe stressat the point

inquestionwasloweredbytheadditionof TLR.

5.2.2. UNIT CELL INTER-LAMINAR NORMAL LOADING

Values for the average normalized inter-laminar normal stress, _z, are shown in

Figure 5-7. The shaded bar is the average of the values for all the nodes in the "in" area.

The line above the bar denotes the peak values. In all cases of inter-laminar normal

loading, the TLR picked up significant load: up to a factor of about 16 times the control

value. The normalized Oz for the "out" and "lam" areas is shown in Figure 5-8. As can be

seen in the figure, the normal stress was lowered in all models, as measured over "out" or

"lain" areas. With the exception of the model with TLR at a 45 ° degree angle through the

thickness, all the peak values of the normalized inter-laminar stress, oz, are below one.

Hence, adding TLR caused a load path change that resulted in the TLR carrying a

significant portion of the normal stress, relieving the inter-laminar normal stress at the

interface.

The distribution of normalized oz in the "in" and "out" areas is plotted in the

scatter plot shown in Figure 5-9. The normalized, oz has a uniformly high value inside the

TLR and a tow value outside the TLR. In the control case, all data points would lie on a

plane at a value of one. Hence the load path change is clearly evident with the bi-level

distribution of normalized oz. Since the values are greater than one within the TLR, the

TLR clearly picks up load, allowing the rest of the interface to carry less stress, with

values less than one. These lower oz values between TLR pins (numbers less than 1.0)

can be clearly seen in the scatter plot shown in Figure 5-10. Comparing the "out" and
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"lam" values shown in Figure 5-1 O, it can be seen that the microstructural features of pure

resin regions and curved fibers did not play a significant role in inter-laminar normal

loading. While some areas of neat resin carry little stress, the limits ofoz in the "out" area

matches that found in the "lam" area for all three: baseline model, straight fiber model and

the drilled hole model. With the exception of a wide range of values found at the nodes

near the TLR, the Oz distribution in the 45 ° TLR model is very similar (see Figure 5-11

and Figure 5-12). This lowering of interface stress is consistent in all the different models

including the case with the lowest volume fraction of TLR and the case with the relatively

soft: Kevlar® TLR (see Figure 5-8).

The question of whether or not the results were affected by the method of

introducing load at the boundaries is addressed by examining the inter-laminar stress

results found at the mid-planes of both the [0/90] and the [0/9019 models. Both models

gave almost identical results. A stress contour plot of the actual inter-laminar normal

stress, Oz, in the 18 ply model is shown in Figure 5-13.

The maximum transverse tensile stress, P1 z , for all models is shown in Figure 5-

14. In general, adding TLR lowered the P1 z within the off-axis plies in the area away from

the TLR. All normalized P1 _ averages are below one. However, in the models with an

angled TLR, the range of the PI z is much higher than one, suggesting that if the TLR is

not oriented perpendicular to the plane of the laminate, a transverse crack will be more

likely to form in an off-axis ply. As was the case in the inter-laminar normal stress, Oz,

results, the pure resin regions and curved fiber increased the range of P1 z.
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Examining the data for the various parameters, the TLR volume fraction and TLR

material exerted the most influence on _z and Pl z. This finding makes sense in that one

would expect the amount and stiffness &the TLR to be important factors. An effective

single measure of these two parameters can be found in what will be referred to as the

"effective extensional load" of the TLR, or nEA. Multiplying the axial modulus of the

TL1L E, by the XY cross-sectional area of the TLR, A, and the number of TLR per unit

area, n, results in a number indicating the relative load carrying ability of the TLR. The

units ofnEA are the same as those for stress. Values ofnEA for the cases used in this

study are shown in Table 5-1. Plots of nEA versus C_zand P1 z are shown in figures Figure

5-15 and Figure 5-16, respectively. As can be seen in the figures, there is a direct

relationship between nEA and the lessening of the stress between the TLR.

Table 5-1 TLR Effective extensional load for the different combinations of

TLR parameters used in this study.

TLR

Material

Gr-EP

Gr-EP
Gr-EP

Gr-EP

K-Ep
Titanium

Steel

Vf n d nEA

(%) (l/in.)(in.) (psi)
1.9% 38 0.025,0.38

1.9% 242 0.010 0.39
0.3% 38 0.010 0.06

4.9% 100 0.025 1.01

1.9% 38 0.025 0.10

1.9% 38 0.025 0.30

1.9% 38 0.025 0.56

As the data indicate, adding very stiff fibrous reinforcement in a trans-laminar

fashion increased the Z direction stiffness and reduced the inter-laminar stress between the

TLR. Assuming that in the real material, load is transferred between lamina by the TLR as

it was in these models, the initiation of an inter-laminar normal stress induced delamination



would require a higher applied load. The addition of TLR improved the resistance to a

mode I induced delamination, even for the area between the individual TLR.
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5.2.3. UNIT CELL INTER-LAMINAR SHEAR LOADING

Values for the normalized "c_ are shown in Figure 5-17 and Figure 5-18. The

shaded bar is the average of the values for all the nodes in the selected area. The line

above the bar denotes the peak values. Unlike the results for C_z,the TLR did not pick up

the shear load in all the models. The shear stress was redirected away from the interface

into the TLR only in the cases with titanium and steel TLR. It is of special interest to note

that changing the angle of the TLR did not allow it to carry more shear as might have been

expected. Even in the 45 ° TLR model, the t_ values in and outside the pin all range

above and below one, leading to the suggestion that simply having angled TLR will not

delay shear induced delamination initiation. This finding is evidenced in the bar charts of

Figure 5-] 7 and Figure 5-18, the scatter plots shown in Figure 5-19 and Figure 5-20, and

in the stress plots of Figure 5-21 and Figure 5-22. A shear stress load path change, with

stress moving away from the interface and into the TLR only occurred in the cases where

the shear modulus of the TLR was an order of magnitude higher than that of the un-

reinforced laminate, that is in the titanium and steel TLR cases (see the material input

properties, Table 3-2). The distribution of the shear stress _ in the steel case is similar to

that of the normal stress C_zin the baseline case (see Figure 5-23, Figure 5-24 and Figure

5-25). The shear transfer to the TLR from the surrounding area is significant. However,

the shear stress is not uniform within the TLR or in the surrounding area as it was in the cyz

results.



139

This non-uniformity of normalized shear stress was evident to an even greater

degree in the results for the maximum transverse tensile stress, P1 _ (see Figure 5-26 and

Figure 5-27). Although the average P1 _ was below one in both the "out" and "lain"

areas, the range of the values goes much higher than one. It can be seen in Figure 5-27

that even in a steel TLR material, transverse cracks would be likely to initiate in the area

close to the TLR, where high stress gradients exist. The fact that there was essentially no

variation of P 1'_ in the drilled hole model suggests that the tendency for greater transverse

cracking is due to presence of the pure resin regions.

As was the case for the normal stress, the TLR volume fraction and TLR material

exerted the most influence on _ and PI _. A TLR "effective shear load" can be defined

as nGA, where G is the longitudinal-transverse shear modulus of the TLR, A is the XY

cross-sectional area of the TLR, and n is the number of TLR per unit area. The number

for nGA indicates the relative shear load carrying ability of the TLR. The units ofnGA

are the same as those for stress. Values ofnGA for the cases used in this study are shown

in Table 5-2. Compared to Gr-Ep or K-Ep TLR using two percent titanium or steel TLR

results in an order of magnitude increase in riGA. The TLR material far outweighs the

TLR volume fraction in the shear cases. As discussed.above, the shear load path was

significantly changed only when steel or titanium were used. This finding is also clearly

evident in the plots of riGA versus _ and PI _ shown in Figure 5-28 and Figure 5-29,

respectively. Only values of riGA corresponding to steel and titanium TLR lowered the

average and maximum z_ and the average P 1'_. However, the maximum values of

normalized P1 '_ were much greater than one in the titanium and steel cases.



Table 5-2 TLR Effective shear load for the different combinations of TLR

parameters used in this study.
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TLR

Material

Gr-EP

Gr-EP

Gr-EP

Gr-EP

K-Ep
Titanium

Steel
i

Vf n d nGA

(%) (l/in.) (in.) (psi)
1.9% 38 0.025 0.01

1.9% 242 0.010 0.01

0.3% 38 0.010 0.00

4.9% 100 0.025 0.03

1.9% 38 0.025 0.01

1.9% 38 0.025 0.12

1.9% 38 0.025 0.22

Considering the inter-laminar shear stress alone, these results imply that using a

TLR with a very large shear modulus can delay the onset ofdelamination. In essence,

adding small amounts of reinforcement with very high shear stiffness in a trans-laminar

fashion enables the material to carry a higher inter-laminar shear load before a

delamination would initiate directly. This finding is based on the assumption that in the

real material, load is transferred between lamina by the TLR as it was in these models.

However, transverse cracking would be even more likely to occur, allowing an indirect

contribution to the initiation of a delamination. Hence it is unlikely that TLR can

effectively prevent the initiation ofdelamination due to a mode II or inter-laminar shear

type load dominance. As just discussed above, damage in the form of transverse cracks is

more likely to begin in TLR material than un-reinforced material. Once cracks start to

form near the TLR, the ability to transfer the shear stress into the TLR would be lowered

and the inclination to delaminate is the same or greater.
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The following two sections discuss the important mechanisms involved in some

common mechanical tests that involve the creation of delaminations. The important

concepts will be discussed in light of experimental evidence reported in the literature.

5. 2.4.1. Delamination Initiation - Material Response

Testing to induce edge delamination under tensile loading is an example of a test

developed to study the initiation and growth of delamination. Analytical and experimental

work described in [36] was used to demonstrate that TLR could slow the growth of

delamination and allow the specimen to carry a higher ultimate load before final failure.

The TLR effect varied greatly depending on the layup, and no conclusive evidence was

given that suggested that TLR delayed the initiation of delamination. The results of edge

delamination tests with and without Z-Fiber TM are reported in [ 131 ]. The addition of only

one percent volume of TLR practically doubled the load to initiate delamination.

However, the initiation of delamination was determined by the change in slope of a load

displacement curve, rather than detailed observations of failure in the specimen. It is

possible that small and obscure delaminations occurred at or near the same value of load in

specimens with and without TLR. In the specimens with Z-Fiber TM, TLR bridging the

delaminations could have carried load allowing the specimen to exhibit the same or similar

overall load displacement response. Minor changes in the slope of the load displacement

curve could have also been overlooked. Examples of the load displacement curves were

not included in the paper.
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The compression-after-impact (CAI) test is another test that has shown the benefit

of TLR. As noted in Chapter 1, many studies on the low velocity impact of laminates with

and without TLR have been reported in the literature. It is well documented that low

velocity impact can result in large delaminations internal to the laminate that are not visible

to the naked eye. The sublaminates created by the delaminations will buckle under

compressive loading, resulting in failure of the specimen at a lower than anticipated load.

The addition of TLR has been shown to improve both damage resistance, as shown by a

smaller damage area for a given impact energy or force, and damage tolerance as shown

by a higher failure load for a given damage size. In terms of damage tolerance, the TLR

reinforces the sublaminates, preventing them from buckling at a low load. However, the

question considered in this work is that of damage resistance. Even in the low velocity

impact of traditional laminates without TLR, the exact sequence of damage and

delamination formation is unclear. Nevertheless the sequence is likely to begin at some

point with the formation of transverse cracks within plies and/or small delaminations

between the plies. As the impact event continues with transverse displacement of the

laminated plate, unstable growth of those original cracks/delaminations occurs. The

presence of TLR may not prevent the onset of the initial cracks, but it can play a role in

the growth of the delamination. This fact would explain how adding TLR results in both

smaller damage areas for a given impact energy and higher compressive strengths for a

given state of damage.

It is the resistance to the growth ofdelamination that can account for the improved

performance of TLR laminates in many materials tests. This resistance to delamination

growth can be traced to the fact the as a crack progresses past TL_ the individual TLR
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ot_enstayintactbehindthe crackfront, thusbridgingthecrackfaces.TheTLR

consequentlyappliesatractionacrossthecrackfacesin thewakeof the advancingcrack,

therebyaffectingthe energyandloadrequiredto furthergrow thecrack. This concept is a

fracture mechanics problem, and section 1.5.3 sites important references using this

approach.

5. 2.4.2. Delamination Initiation - Structural Response

As noted in Chapter 1, many researchers have investigated using TLR in joining

applications. In stiffened structures where the stiffener is simply adhesively bonded or co-

cured, the relatively soft region between the stiffener and skin is often the weak point in

the design. Failure typically initiates at the tip of the stiffener flange or at the "noodle"

area underneath the web of the stiffener. Once initiated, the delamination will typically

grow in an unstable fashion along the area between the stiffener and skin causing the

structure to fail catastrophically. IfTLR is used in conjunction with co-curing, the

stiffener typically does not separate catastrophically, and the structure carries a higher

ultimate load (see [21, 22, 25-31, 132]).

The fine points of the mechanisms of failure are rarely discussed in detail in reports

on structural tests, and although some authors may refer to TLR having delayed damage

initiation, care must be taken to understand how damage initiation is defined and

identified. It is likely that transverse cracks and small delaminations form at similar loads

in the same area of the structure but that TLR prevents the unstable growth of the

delamination, that is the separation of a stiffener. The TLR structure may have an overall

load response similar to that of an un-reinfbrced structure with two major differences; the
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"damage initiation" as noted by a change in the over all structural response occurs at a

higher load, and ultimate failure is more gradual and occurs at a significantly higher load.

Although not discussed by all researchers who studied TLR for joining applications, this

concept can be found in literature as early as 1981 [22]. In that study TLR in the form of

stitching was used for hat stiffener attachment in marine applications. It was concluded

that stitching did not delay the initial formation of cracks, but it did allow the structure to

achieve a higher ultimate load.

The unit cell FEA results discussed in sections 5.2.2 and 5.2.3 support these

findings. Although extremely stiffTLR do carry high load in undamaged materials, it does

not prevent or delay transverse cracking and delamination.

A concept to enable the TLR to carry more of the inter-laminar load in undamaged

material is suggested in [132]. The idea proposed is to put a compliant rubber-like layer

between the stiffener and the skin. This layer has a lower transverse modulus than the skin

and stiffener material, thus forcing load to be carried by the TLR. If the TLR carries the

load, stress may be kept away form the areas where damage initiates, enabling higher loads

before delamination begins. Early FEA results look promising but experimental results

have yet to be reported.

5.3. SIGNIFICANCE AND APPLICATION

As suggested in section 5. l, in-plane tensile and compression property reduction

can be minimized with the use of small diameter TLR. If the structure will have holes or

other geometric discontinuities with very large stress concentrations, the potential of
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minor in-plane property reduction caused by TLR is of limited concern. Therefore the

most important questions in regard to TLR are how does it help and how much is needed?

The unit cell FEA results discussed in section 5.2.2 suggest that axially stiff TLR

can pick up a significant amount of applied inter-laminar normal stress, c_z, and

consequently delay the initiation of delamination. However, perfect bonding between the

TLR and surrounding laminate was assumed. Real materials will not have "perfect"

bonding, but they will almost always have cracks in the pure resin regions, as well as

cracks in and around the TLR. These imperfections would likely limit the load transfer to

the TLR and prevent it from carrying the amount of stress suggested in the results for

these models.

The unit cell FEA results discussed in 5.2.3 suggest that the tendency for

delamination initiation from a direct inter-laminar shear stress can only be delayed with the

use of a TLR with an extremely high shear stiffness, such as titanium and steel. However,

even if extremely shear-stiff TLR are used, the tendency for transverse cracking is not

reduced, but increased. Transverse cracks would then allow the formation of

delaminations and further prevent shear stress transfer from the lamina into the TLR. The

results of this detailed investigation of TLR materials could not conclusively prove that

TLR delays damage initiation. The benefits of using TLR that have been shown

experimentally and reported in the literature can all be explained by the restriction of

damage propagation.

As has been shown repeatedly in the literature, TLR can be used to overcome the

inherent weaknesses of composite laminates, and thus offers immense value in the design
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of composite structures. For this value to be achieved, the design philosophy must be to

contain a known or assumed crack size, rather than to prevent cracking in the first place.

Such an approach is typical for designing aerostructures where impact damage is a critical

driver. However, designing a stiffened structure with design ultimate loads beyond where

stiffeners would "start" to debond is not practical in un-reinforced laminates, and can only

be accomplished in mechanically fastened stiffeners or stiffeners attached with TLR.
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Element Stress

Figure 5-1 Normal stress a, in the 0 ° ply of the drilled hole model under

compressive loading.
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L x Material

Element Stress

Figure 5-2 Normal stress a. in the 0° ply of the straight fiber model under

compressive loading,
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Figure 5-3 Normal stress o_ in the 0 ° ply of the baseline model under

compressive loading.
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Figure 5-4 Illustration of the transverse state of stress in an angle ply [156].
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Figure 5-5 Plane of nodes used to average stress inside and outside .the

TLR at the ply interface or within a ply.
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Figure 5-6 Plane of nodes used to average the maximum transverse tensile
stress over the area out in the lamina away from the TLR, at the ply

interface and within the ply.
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Inter-Laminar Normal Stress, az
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Figure 5-7 Normalized inter-laminar normal stress, az, at the ply interface

averaged over the "in" area inside the TLR. The key below the figure

explains the identifiers used on the X axis.
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Inter-Laminar Normal Stress, _z

2.0

out

lam

Figure 5-8 Normalized inter-laminar stress, az, at the ply interface

averaged over the "out" and "lam" areas outside the TLR. The key below

the figure explains the identifiers used on the X axis.
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Inter-Laminar Normal Stress at the Ply Interface,
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Figure 5-9 Scatter plot of the normalized inter-laminar normal stress,_z, in

the "in" and "out" areas at the ply interface of the [0/90] baseline model.
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Inter-Laminar Normal Stress at the Ply Interface, _z
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Figure 5-10 Scatter plot of the normalized inter-laminar normal stress, (_z, in

the "out" and "lam" areas at the ply interface of the [0/90] baseline model.
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Inter-Laminar Normal Stress at the Ply Interface, Oz
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Figure 5-11 Scatter plot of the normalized inter-laminar normal stress, oz, in
the "in" and "out" areas at the ply interface of the [0/90], _=45 ° model.
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Inter-Laminar Normal Stress at the Ply Interface, _z

Vff=1.9% d=0.025 TLR=Gr/Ep _=45
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Figure 5-12 Scatter plot of the normalized inter-laminar normal stress, (_z,
in the "out" and "lain" areas at the ply interface of the [0/90], _=45 ° model.
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Figure 5-13 Inter-laminar normal stress, az, in the [OI90]s model under Z

direction loading.
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Maximum Transverse Tension Principal Stress, P1 z

JTLR Through-Thickness Angle - degreesO"

</i Ply Stacking Sequence - A>[0/90]; B>[+45/-45]; C>[0/0];
D>[+45/0/-45-90]; E>[0/90] 9

143
04_TLR Diameter - 10 .3 inches

('9_TLR Material - G>Gr-Ep; K>K-EP; T>Titanium; S>Steel
Ob

"_TLR Volume Fraction - %

Figure 5-14 Normalized maximum transverse tensile stress under Z
direction normal loading, P1 z, averaged over the "out" and "lam" areas

within the off-axis ply. The key below the figure explains the identifiers

used on the X axis.
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TLR Effective Extensional Load versus (_z in "lam" Area
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Figure 5-15 Effect of TLR effective extensional load, nEA, on the inter-

laminar normal stress, _z, in the "lam" area.
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Inter-Laminar Shear Stress, Txz
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Figure 5-17 Normalized inter-laminar shear stress, "Cxz,at the interface

averaged over the "in" area in the TLR. The key below the figure explains

the identifiers used on the X axis.
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Inter-Laminar Shear Stress, Txz
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Inter-Laminar Shear Stress at the Ply Interface, -Cxz
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Figure 5-19 Scatter plot of the normalized inter-laminar shear stress, _,z,
over the "in," "out" and "lam" areas of the baseline model.



166
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Figure 5-20 Scatter plot of the normalized inter-laminar shear stress, _,z,
over the "in," "out" and "lain" areas of the model with the TLR at a

through-thickness angle of 45 ° .



167

$ LC=t

Z

X
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loading.
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Figure 5-22 Inter-laminar shear stress, _xz, in the model with the TLR at a

through-thickness angle of 45 °, under 7xz loading.
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Figure 5-23 Scatter plot of the normalized inter-laminar shear stress, -cxz,
over the "in" and "out" areas at the interface in the Steel TLR model.
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Inter-Laminar Shear Stress at the Ply Interface, -Cxz

Vf=1.9% d=0.025 TLR=Steel _=0

o out
2.0 ,, lam

Z
O

3
_o

N

Q.

O3

oo
Go

1.8

1.6

1.4

1.2

0.81.0 _i _"'°_"_-_'__ °_

0.6 o o oooc

0.4

0.2 . /

0100 o

_300 0 o°

0.0

Y Coordinate

Figure 5-24 Scatter plot of the normalized inter-laminar shear stress, _xz,

over the "out" and "lain" areas outside the TLR, at the interface of the steel
TLR model.
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Figure 5-26 The normalized maximum transverse tensile stress, PlXZ,

averaged over the "out" and "lam" areas for all model under _'xzloading.
The key below the figure explains the identifiers used on the X axis.
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Figure 5-27 Scatter plot of the normalized maximum transverse tensile

stress, P1 xz, over the "out" and "lam" areas within the 90 ° ply of the steel

TLR model under 7xz loading.
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TLR Effective Shear Load versus -Cxz in "lam" Area
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Figure 5-28 Effect of the TLR effective shear load, nGA, on the inter-
laminar shear stress, _xz, in the "lain" area.
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TLR Effective Shear Load versus P1 xz in "lam" Area
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Figure 5-29 Effect of the TLR effective shear load, nGA, on the maximum

transverse tensile stress, P1 xz, in the "lam" area.
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, CHAPTER 6
APPLICATION OF TLR TO AN INTER-LAMINAR

DOMINATED PROBLEM

The results of the unit cell analysis presented in Chapter 5 were based on the

assumption of a uniform loading applied to the unit cell. In actual structures made from

composite materials, stress gradients in the regions where failure typically occur are not

uniform, even over areas small enough to be on the scale of the unit cell. Hence the

conclusions presented in the previous chapter need to be verified on a more realistic

problem with non-uniform loading. In the following sections a simplified stiffener pull-off

problem [156] is modeled and the results are presented in terms of damage initiation. A

strength of materials approach similar to that discussed in Chapter 5 was used. This

chapter closes with a few comments on the application and significance of the results.

6.1. SKIN-STRINGER DEBOND TEST AND MODEL

Secondarily bonding or co-curing frames or stringers to skins is one method of

reducing or eliminating the use of fasteners. Such manufacturing techniques offers

potential to provide an economical means of manufacturing composite stiffened structure.

One potential problem with bonded or co-cured stiffener attachment is the disbonding of

the stiffener from the skin. This disbonding typically results in the catastrophic failure of

the structure.

The stiffener pull-off test is a common method of evaluating this weakmess of

bonded or co-cured composite stiffened structure. However, the typical stiffener pull-off
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test specimen is expensive to fabricate and test, making the use of this test for materials

screening impractical. A simplified test of the bond strength between a skin and a

secondarily bonded or co-cured stiffener has been proposed for when the dominant

loading in the skin is flexure along the edge of the stiffener [156]. An illustration of the

stiffener-skin problem is shown in Figure 6-1. The test is performed by putting a flanged

skin in three or four point bending, as shown in Figure 6-2 and Figure 6-3. The flange-

skin specimen is thus a representation of larger stiffened skin structure. This simple and

relatively inexpensive test captures the same failure mechanisms as in the larger structure.

The authors of [ 156] used both detailed observations of failure and finite element analysis

to determine that failure initiates at the tip of the flange, either at the interface between the

stiffener and skin or in the topmost skin ply.

In order to model a problem of reasonable size that captures both the correct loads

and failure mechanisms, the tapered flange-skin specimen shown in Figure 6-2 was

modeled in three point bending. The model details are discussed in section 3.4. The FEA

mesh is shown in Figure 6-4. Four different versions of this basic model were analyzed.

The control model without TLR is shown in Figure 6-4. This baseline model was

duplicated and TLR was added by changing the material properties for certain elements.

Three variations were examined: a graphite-epoxy TLR with a diameter of 0.025 inches, a

graphite-epoxy TLR with a diameter of 0.008 inches, and a steel TLR with a diameter of

0.008 inches. The FEA mesh for the stiffener-skin models with TLR is shown in Figure 6-

5. As discussed in section 3.4, there were two major limitations associated with these

large models: the FEA mesh was not fine enough to accurately capture the severe stress

gradients associated with the different and discontinuous materials of the composite
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microstructure, and error was introduced by using the COSMOS/M "bond" feature to join

regions of incompatible mesh. In spite of these limitations, it was felt that these models

were sufficient to address the issue of damage initiation between individual TLR.

6.2. EFFECT OF TLR ON DAMAGE INITIATION

Use of the finite element method results in detailed stress and strain information at

every point in the model. The following discussion will focus on the stress results for

selected regions of interest. These regions of interest, shown in Figure 6-6, are at the

interface between the skin and flange and within the topmost +45 ply of the skin. These

regions correspond to where failure was observed to have initiated [156]. In order to

avoid potential boundary effects, the results will be shown only for internal nodes. Values

for nodes within three elements of the edge of the specimen are not shown. The given

stress results consist of the "nodal stress" output from COSMOS/M, defined as the

average of the values of element stress at the node for all the elements to which that node

belongs.

Contour plots of the inter-laminar normal and shear stresses for the four models

are shown in Figure 6-7 through Figure 6-10. The stress scale is kept constant for all four

of the figures. The range of stress shown does not include the maximum stresses

encountered in the TLR, but rather allows a comparison of what is happening between the

TLR in the various models.

As required physically, the inter-laminar normal and shear stresses are zero at the

surface &the skin not covered by the flange. In the case without TLR (Figure 6-7) there

is a concentration of both normal and shear stress just behind the flange tip. This
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concentration is a result of both the geometrical and material discontinuities where the

bottom ply of the flange ends. This concentration of stress is partially due to the artificially

sharp corner in the FEA model. The real material would have a comer of some radius.

Nonetheless, it is in this region that failure initiated according to the experimental

observations in [ 156]. The objective of this analysis was not to determine exact stress

values, but rather to study the effect of the TLR. The inter-laminar stresses for the models

with TLR are shown in Figure 6-8 through Figure 6-10. As can be seen in the figures, the

areas of stress concentrations remain, but are somewhat reduced.

It is difficult to make quantitative comparisons with contour plots such as those

shown in Figure 6-7 through Figure 6-10. To gain a better feel for stress state at the

interface, three dimensional surface plots of the inter-laminar normal stress for the cases

without TLR and with steel TLR are shown in Figure 6-11 and Figure 6-12. In the case

without TLR, the stress concentration just behind the flange tip is clearly visible as a ridge

of high stress. A somewhat shorter ridge of stress is evident in the surface plot of the

results for the model with steel TLR. The locations of the TLR are clearly indicated by

the sharp spikes. The values in and next to the TLR are known to be inaccurate due to the

very high stress gradients and coarse finite element mesh.

Although the three dimensional surface plot gives a different perspective of the

stress state at the interface, quantitative comparisons of models with and without TLR are

still difficult. To make such comparisons, the normalized stress was calculated and plotted

for a row of nodes across the width of the model. The point of intersection of this Y

direction row of nodes and the XZ plane is shown in Figure 6-6. The normalized stress
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wascalculatedby takingthevalueof stressat anodeinamodelwith TLR anddividingit

by thevalueof stressfor thesamenodein thecontrolmodelwithout TLR. Valuesless

thanoneindicatethat addingtheTLR loweredthestressatthat point. Thenormalized

shearandnormalstressesatthe interfacebetweentheflangeandskinandthenormalized

maximumtransversetensilestresswithin thetop +45° ply of theskinareshowninFigure

6-13throughFigure6-15. Theresultsfor all threemodelswith TLR areplotted in each

figure. Thepositionacrossthewidth (Y direction)beginsandendsthreeelementsin from

the edgeof thespecimen.TheTLR locationsaremarkedon theplotwith boththe small

diameterandlargediameterTLR positionbeingindicatedin thesamefigure. Thevalues

for thenodesthatresideinsidetheTLR arenotplotted. Althoughtheremaybesome

questionasto theaccuracyof thevaluesfor thenodesinsideof andnextto the TLR, this

discussionis focusedon theareabetweentheTLR andtheinitiationof damagetherein.

Thenormalizedinter-laminarnormalstress,oz,at the interfacebetweentheflange

andskin is shownin Figure6-13. Thenormalizedstressfor bothmodelswith Gr-Ep TLR

stayat or nearavalueof one. Thereforeit wasconcludedthat addingtwo percentof Gr-

Ep TLR did not lower thetendencyto delaminatedueto a highoz. However,addingthe

steelTLR did lowerthenormalstress.Thenormalizedvalueswerein the 0.80to 0.85

rangein theregionsbetweenthesteelTLR. Hence,comparedto astructurewithout

TLR, theadditionof steelTLR wouldresultin higherloadsbeingrequiredto get thearea

betweentheTLR to fail dueto theinter-laminarnormalstress.

Thesametrendwasobservedin thenormalizedinter-laminarshearstress,z_, at

theflange-skininterface(seeFigure6-14). OnlythesteelTLR madea differencein the
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stress in the unreinforced regions between the TLR. There was also no significant

gradient of stress across the region between the TLR, a distance six times the diameter of

the TLR.

Interpreting these results alone leads to a conclusion similar to that discussed in the

previous chapter; only an extremely stiffTLR such as steel can pick up the inter-laminar

loads and relieve the inter-laminar stress in the region between the TLR. Such an effect

would delay the onset of a delamination caused by direct inter-laminar stress.

However there is also the question of transverse cracking. As discussed in section

5.2, if within the ply the maximum transverse tensile principal stress, PI, is higher than the

transverse tensile strength of the lamina, a transverse crack will form. The normalized

maximum transverse tensile stress, P1, is plotted in Figure 6-15. There are fewer points

plotted because this region of the model was represented by only the mid-side nodes of the

20 node brick elements. These results are consistent with those of the inter-laminar

stresses; only the steel TLR decreased the propensity to transverse crack within the top

45 ° ply of the skin. This finding was also discussed in the results of the previous chapter.

However, unlike in Chapter 5, these large coarse models do not allow examination of the

stresses next to the TLR where the likelihood of transverse cracking may be increased.

6.3. SIGNIFICANCE AND APPLICATION

As was the case in the unit cell models, these flange-skin models were proposed

with the limiting assumptions of perfect bonding and complete load transfer between the

lamina and the TLR. These assumption are unlikely to hold true in most real TLR

composites. If these limitations are set aside, the results of the flange-skin modeling can
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be interpreted to conclude that only TLR with a stiffness on the order of that of steel can

be effective at preventing the initiation of delamination. However, as noted in the

literature review discussed in Chapter 1, Kevlar® threads have been used by many

researchers to increase the performance of laminates in many inter-laminar dominated

tests. This fact, along with the lack of prevention of damage initiation by Kevlar®-epoxy

and graphite-epoxy TLR, leads to the hypothesis that the true benefit of TLR lies only in

its ability to retard the growth of damage, and not in an any potential capability to prevent

it from initiating.
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Figure 6-1 Illustration of stiffener-skin interface [156].
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Figure 6-2 Proposed flange-skin test specimens for simulation of the
stiffener-skin disbond problem in a stiffener pull-off test [156].
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Figure 6-4 Finite element model of the flange-skin specimen without TLR.
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Figure 6-5 Fine mesh regions of flange-skin FEA models with TLR.
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189

Y

k.--_ X _ Flange

Inter-laminar Stress at the

Flange-Skin Interface

No TLR

Y

L_x Flange

stress

concentrations

Figure 6-7 Inter-laminar normal and shear stresses at the flange-skin
interface in the control model without TLR.
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Figure 6-8 Inter-laminar normal and shear stresses at the flange-skin
interface in the model with Gr-Ep TLR of diameter 0.025 inches at a volume

fraction of two percent.
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Figure 6-9 Inter-laminar normal and shear stresses at the flange-skin
interface in the model with Gr-Ep TLR of diameter 0.008 inches at a volume

fraction of two percent.



192

Inter-laminar Stress at the

Flange-Skin Interface

Steel TLR

-s.Mi.=e_

(_'z

d = 0.008 in. Vf = 2%

TLR:

Y

Flange

l!!!!ii!

I_XZ

Figure 6-10 Inter-laminar normal and shear stresses at the flange-skin
interface in the model with steel TLR of diameter 0.008 inches at a volume

fraction of two percent.
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Figure 6-11 inter-laminar normal stress at the flange-skin interface for the
control model without TLR.
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Figure 6-12 Inter-laminar normal stress at the flange-skin interface for the
model with steel TLR of diameter 0.008 inches at a volume fraction of two

percent.
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CHAPTER 7

SUMMARY AND CONCLUDING REMARKS

A Trans-Laminar-Reinforced (TLR) composite has been defined in this work as a

composite laminate with up to five percent of its volume in the form of fibrous

reinforcement oriented in a trans-laminar fashion in the through-thickness direction. The

trans-laminar reinforcement can be in the form of continuous rovings or threads inserted

by industrial stitching machines. TLR can also take the form of discontinuous rods or

pins. Z-Fiber TM materials are a commercial example of discontinuous TLR. Both

analytical and experimental work documented in the literature has consistently

demonstrated that adding TLR to an otherwise two dimensional laminate results in the

following advantages: significant increase in the load required for sublaminate buckling of

delaminated plates; substantial improvements in the compression-after-impact response_

considerable increase in the fracture toughness in mode I (double cantilever beam) and

mode II (end notch flexure); and severely restricted size and growth of impact damage and

edge delamination. TLR has also been shown to completely eliminate catastrophic

stiffener disbonding as a failure mode in stiffened structures. Many of these benefits have

been documented for both static and fatigue loading. By bridging cracks between lamina,

even small amounts (order of one percent volume) of TLR significantly alter the

mechanical response of the laminate and directly strengthen a severe weakness of

laminated composites, that is delamination.
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Considerable research is being conducted on crack bridging mechanisms and the

restriction of damage growth offered by the addition of TLR. A primary objective of this

work was to examine the issue of whether or not TLR is of benefit in delaying the onset of

delamination initiation. To that end, detailed three dimensional finite element analyses of a

"unit cell" or representative volume, were performed. The effects of various parameters

were studied including TLR material, TLR volume fraction, TLR diameter, TLR through-

thickness angle, ply stacking sequence, and the microstructural details of pure resin

regions and curved in-plane fibers. The work was limited to the study of the linear

response (undamaged) of a unit cell with a ply interface. The unit cell results were used to

examine the effects of TLR on the elastic constants, in-plane tension and compression

strength, and delamination initiation.

The calculation of the elastic constants, or engineering constants, was performed

by applying a known stress to a unit cell constrained to deform in a shape consistent with

the basic definitions of strain. The displacements were then used to calculate

macrostrains. These macrostrains along with the known applied macrostress were used in

constitutive relations resulting in the calculation of the full set of nine elastic constants for

an orthotropic material. It was found that adding only a few percent of TI_R had a small

negative effect on the in-plane extensional and shear moduli, Ex, FLyand Gxy, but had a

large positive effect (up to 60 percent) on the thickness direction extensional modulus, Ez.

Although this positive change was significant, the actual values were still small relative to

the in-plane extensional moduli. The volume fraction and the extensional modulus of the

TLR were the controlling parameters in terms of overall thickness direction extensional

modulus, Ez. The out-of-plane shear moduli, G= and G_, were significantly affected only
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when steel or titanium TLR were used. The shear moduli of steel and titanium are an

order of magnitude higher than the out-of-plane shear moduli of an unreinforced laminate.

The elastic constants were also calculated by using a stiffness averaging method

documented in the literature. The two methods agreed to within ten percent for

calculations of extensional moduli, Ex, Ey, and Ez, and in-plane shear modulus, G×y. The

out-of-plane shear moduli, G,= and Gy_, varied by as much as 2 l percent.

The stress results of the unit cell analyses were used to draw implications about the

in-plane tension and compression strength of TLR materials. Adding TLR caused a stress

concentration which was lessened by the presence of pure matrix regions and curved fiber

next to the TLR. It was speculated that the reduction of in-plane properties would be

inconsequential if the diameter of the TLR were sufficiently small or if the material's

failure was dominated by other stress concentrations such as those found at open holes

and bolted repairs.

The initiation of delamination was investigated using a strength of materials

approach. In this approach, a maximum stress failure criterion was used to indicate the

likelihood of delamination. A delamination was assumed to initiate when either 1) the

inter-laminar stress at a ply interface exceeded the inter-laminar strength, or 2) the state of

stress within a ply exceeded the transverse tension strength resulting in a transverse crack

that could then grow into a delamination. Rather than predicting the exact stresses of

failure, comparisons were made between models with and without TLR. This approach

enabled a direct examination of the effect of adding TLR. This method of investigating

delamination initiation was applied to the unit cell analyses and to an inter-laminar
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dominated problem of practical interest. A flanged skin in bending was analyzed with a

large finite element model. The flange-skin specimen has been proposed by other

researchers as a simplified test capturing the important aspects of frame-skin disbonding

failure in stiffened structure.

The results of both the unit cell and flange-skin modeling were used to conclude

that the addition of TLR may delay the direct formation ofa delamination due to high

inter-laminar stress only when the TLR is composed of extremely stiff material such as

steel. With such stiffTLR, the load path across the ply interface changes and the inter-

laminar stress is directed away from the interface and into the TLR. For this to occur,

both the extensional and shear moduli of the TLR must be an order of magnitude greater

than that of the lamina in the transverse direction. Graphite-epoxy and Kevlar-epoxy TLR

were not effective at delaying the onset of delamination. This finding was particularly

evident in cases dominated by the inter-laminar shear stress. Since the positive benefits of

TLR have been reported for materials with graphite and Kevlar® TLR, prevention of

damage initiation must not be the key mechanism responsible for the performance changes

associated with the addition of TLR. This conclusion was further substantiated when the

tendency to form transverse cracks was examined. If the unavoidable microstructural

features of pure resin regions and curved fibers are considered, the addition of TLR was

found to increase the likelihood of transverse crack formation.

In total, these findings are consistent with the results of many experimental studies

reported in the literature and they support the hypothesis that the addition of TLR has
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little or no positive effect on the initiation of damage. The true benefit of TLR must then

be the increased resistance to damage growth or progression.



CHAPTER 8

RECOMMENDATIONS FOR FUTURE WORK
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A. Experimental studies with detailed observations of failure initiation. The

studies should inc|ude materials with and without TLR and encompass

different TLR materials, including an extremely stiff material such as titanium

or steel. Acoustic emission and other NDE techniques in conjunction with

destructive cross sectioning and microscopy should be employed to make

accurate determinations of the type and initiation of damage.

B. Application of detailed experimental observations in the ongoing investigation

of using a rubber layer in the interface. This ongoing study discussed in

Chapter 5 was outlined in [132]. The idea is to prevent damage initiation by

inducing the redirection of inter-laminar stress away from the interface and into

the TLR.

C. Studies of the thermal response of TLR materials with detailed FEA models of

a similar nature to the ones used in this work.

D. Development of a method to automatically insert discontinuous TLR directly

into prepreg or preforms at a very rapid rate.

E. Investigation of the stability of dry fiber preforms assembled using

discontinuous TLR instead of stitching.
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F. Both analytical and experimental investigations of the important parameters in

the crack bridging mechanisms associated with TLR.

G. Continued development and verification of TLR design guidelines based on

fracture mechanics and crack bridging phenomenon.



2O5

REFERENCES

,

.

.

.

.

.

,

°

.

10.

11.

12.

Chan, W.S. Design Approaches for Edge Delamination Resistance in Laminated

Composites, Journal of Composites Technology & Research, 1991, Vol. 14(No.

2).

Munjal, A.K. Damage Tolerance Improvement Approaches for Composite

Components, in 44th Annual Forum of the American Helicopter Society, 1988.

Garg, A.C. Delamination--A Damage Mode in Composite Structures,

Engineering Fracture Mechanics, 1988, Vol. 29, No.5.

Lu, T.-J. and Hutchinson, J.W. Role of Fiber Stitching in E#mmatmg Transverse

Fracture in Cross-ply Ceramic Composites, American Ceramic Society, Journal,

1995, Vol. 78, No. l(Jan.).

Ko, F., Koczak, M., and Layden, G. Structural Toughening of Glass Matrix

Composites by 3-D Fiber Architecture, Ceramic Engineering and Science

Proceedings, 1987, Vol. 8(July-Aug.).

Yamaki, Y.R., Ransone, P.O., and Maahs, H.G. Investigation of Stitching as a

Method of lnterlaminar Reinforcement in Thin Carbon-Carbon Composites, in

16th Conference on Metal Matrix, Carbon, and Ceramic Matrix Composites,

1993, CASI HC A03/MF A04, Part 1.

Dransfield, K., Baillie, C., and Mai, Y.-W. Improving the Delamination

Resistance of CFRP by Stitching-A Review, Composites Science and Technology,

1994, 50.

Dransfield, K., Baillie, C., and Mai, Y.-W. On Stitching as a Method for

Improving the Delamination Resistance of CFRPs, in Advanced Composites '93,
International Conference on Advanced Composite Materials, 1993, The Minerals,

Metals & Materials Society.

Broslus, D. and Clarke, S. Textile Preforming Techniques for Low Cost

Structural Composites Conference Proceedings, in Advanced Composite

Materials: New Developments and Applications, 1991.

Schooneveld, G.V. Potential of Knitting�Stitching and Resin Infilsion for Cost

Effective Composites, in Fibertex 1988, 1988, NASA CP 3038, 1989.

Palmer, R. and Curzio, F. Cost-Effective Damage-Tolerant Composites Using

Multi-needle Stitching and RTM/VIM Processing, in Fibertex 1988, 1988, NASA

CP 3038, 1989.

Markus, A. Resin Transfer Molding For Advanced Composite Primary Wing and

Fuselage Structures, in Second NASA Advanced Composites Technology

Conference, 1991, NASA CP 3154, 1992.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2O6

Markus,A., Thrash,P. andRohwer,K. Progress in Manufacturing Large

primary Aircraft Structures Using the Stitching/R 77vi Process, in Third NASA

Advanced Composites Technology Conference, 1992, NASA CP 3178, Vol. 1

Part 1, 1992.

Markus, A., Thrash, P., and Grossheim, B. Manufacturing Development and

Requirements for Stitched/RTlvI Wing Structure, in The Fourth NASA Advanced

Composites Technology Conference, 1993, NASA CP 3229, Vol 1 Part 1, 1993.

Harris, H., Schinske, N., Krueger, R., and Swanson, B. Mulltiaxial Stitched

Preform Reinforcements, in 36th International SAMPE Symposium, 1991.

Rhodes, M.D. and Williams, J.G. Concepts for Improving Damage Tolerance of

Composite Compression Panels, in 5th DOD/NASA Conference On Fibrous

Composites in Structural Design, 1981.

Murphy, G.C. Processing for an Improved Impact Resistant Composite Blade, in

AIAA-81-1356, AIAA/SAE/ASME 17th Joint Propulsion Conference, 1981,

Colorado Springs.

Conrad, E.G. 3-D Reinforcement of Thin Composite Laminates for Improved

Low-Velocity Impact Damage Tolerance, Masters Thesis, University of Texas at

Arlington, 1983.

Murrin, L.J. and Erbacher, H. Composite Center Fuselage-Phase I, in 35th

Annual conference on Reinforced Plastics/Composites, 1980.

Holt, D.J. Future Composite Aircraft Structures May Be Sewn Together,

Automotive Engineering, 1982, Vol. 90, No. 7(July).

Cacho-Negrette, C. hltegral Composite Skin and Spar (ICSS) Study Program -

Volume l, AFWAL-TR-82-3053, 1982.

Green, A.K. and Bowyer, W.H. The Development oflmprovedAttachement

Methods for Stiffening Frames on Large GRP Panels, Composites, 198 l(Jan.).

Sawyer, J.W. Effect of Stitching on the Strength of Bonded Composite Single Lap

Joints, AIAA Journal, 1985, Vol. 23(No. 1).

Lee, C. and Liu, D. Stitching Joint in Woven Composite Material, in Recent

Advances in the Macro- and Micro-Mechanics of Composite Materials Structures,

1989, ASME.

Tada, Y. and Ishikawa, T. Tentative Evaluation of Effects of Stitching on CFRP

Laminate Specimens, in Composites 86: Recent Advances in Japan and the United

States, Japan US CCM-III, 1986.

Tada, Y. and Ishikawa, T. 'Experimental Evaluation o/'Effects of Stitching on

CFRP Laminate Specimens with Various Shapes and Loadings, Key Engineering

Materials, 1989, Vol. 37.



207

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Garrett, R.A. Effect of Defects on Aircraft Composite structures, in

Characterization, Analysis and Significance of Defects #1 Composite Materials,

1983, AGARD-CP 355.

Deaton, J.W., Kullerd, S.M., Madan, R.C., and Chen, V.L. Test and Analysis

Results for Composite Transport Fuselage and Wing Structures, in Second NASA

Advanced Composites Technology Conference, 1992, NASA CP 3154.

Madan, R.C. and Voldman, M. Test Results From Large Wing and Fuselage

Panels, in Third NASA Advanced Composites Technology Conference,, 1992,

NASA CP 3178, Vol.-1 Part 1.

Hawley, A.V. and Sutton, J.O. Design and Analysis Considerations for

Stitched/RTlt4 Composite Wing Structure, in Fourth NASA/DoD Advanced

Composite Technology Conference, 1993, NASA CP 3229, Vol. 1 Part 1, 1993.

Hawley, A.V. Development of Stitched/R TM Primary Structures for Transport

Aircraft, NASA CR 191441, 1993.

Nishimura, A. and Aotani, H. New Fabric Structures for Composite, in

Composites 86: Recent Advances in Japan and the United States, Japan US CCM-

III, 1986.

Tsai, G.C. Global�Local Stress Analysis of Stitched Composite Laminate, in 23rd

International SAMPE Technical Conference, 1991.

Jang, B.Z. and C., C.W. Structure-Property Relationships in Three

Dimensionally Reinforced Fibrous Composites, in Advanced Composites: The

Latest Developments, Second Conference on Advanced Composites, 1986, ASM

International.

Chan, W.S. and Dan-Jumbo, E. A Comparison of the Structural Behavior of

Laminates Made of Knitted Nonwoven Fabric and Laminates Made of

Conventional Unidirectional Tapes, SAMPE Journal, 1986(Nov./Dec.).

Mignery, L.A., Tan, T.M., and Sun, C.T. The Use of Stitchmg to Suppress

Delamination in Laminated Composites, Delamination and Debonding, ASTM

STP 876, 1985.

Deaton, J.W., Kullerd, S.M., and Portanova, M.A. Mechanical Characterization

of 2-D, 2-D Stitched and 3-£) Braided/RTM Materials, in Fourth NASA/DoD

Advanced Composite Technology Conference, 1993, NASA CP 3229, Vol. 1 Part

1, 1993.

Hasko, G.H. and Dexter, H.B. Mechanical Properties and Damage Tolerance of

Multiaxial Warp Knit Composites, Submitted to Composite Science and

Technology, 1994.

Dexter, H.B. and Hasko, G.H. Performance ofResm Transfer MoldedMultiaxial

Warp Knit Composites, in Third NASA Advanced Composites Technology

Conference, 1992, NASA CP 3178, Vol. 1, 1992.



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

208

Dexter, H.B., Hasko, G.H., and Cano, R.J. Characterization of Multiaxial Warp

Knit Composites, in First NASA Advanced Composites Technology Cop(erence,

1990, NASA CP 3104, Part 2, 1991.

Dexter, H.B., Palmer, R.J., and Hasko, G.H. Mechanical Properties and Damage

Tolerance of Multiaxial Warp Knit Structural Elements, in Fourth NASA/DoD

Advanced Composite Technology Conference, 1993, NASA CP 3229, Volume 1

Part 2, 1993.

First NASA Advanced Composites Technology Conference, 1990, NASA CP

3104, 1991.

Second NASA Advanced Composites Technology Conference, 1991, NASA CP

3154, 1992.

Third NASA Advanced Composites Technology Conference, 1992, NASA CP

3178, 1992.

Fourth NASA/DoD Advanced Composites Technology Conference, 1993, NASA

CP 3229, 1993.

Fifth NASA/DoD Advanced Composites Technology Conference, 1994, NASA

CP 3294, 1995.

Sixth NASA/DoD Advanced Composites Technology Conference, 1995, NASA

CP 3327, 1996.

Jang, B.Z. Fracture Behavior of Fiber-Resin Composites Containing a

Controlled hlterlaminar Phase (CIP), Science and Engineering of Composite

Materials, 1991, Vol. 2(No. 1).

Dexter, H.B. and Funk, J.G. Impact Resistance and Inter-laminar Fracture

Toughness of Through-the- Thickness Reinforced Graphite�Epoxy, in 27th

Structures, Structural Dynamics and Materials Conference, 1986, AIAA.

Funk, J.G., Dexter, H.B., and Lubowinski, S.J. Experimental Evaluation of

Stitched Graphite�Epoxy Composites, in 3-D Composite Materials, 1986, NASA

CP 2420.

Su, K.B. Delamination Resistance of Stitched Thermoplastic Matrix Composite

Laminates, Advances in Thermoplastic Matrix Composite Materials, ASTM STP

1044, 1989.

Palmer, R.J., Dow, M.B., and Smith, D.L. Development of Stitching

Reinforcement for Transport Wing panels, in First NASA Advanced Composites

Technology Conference, 1990, NASA CP 3104, Part 1, 1991.

Dow, M.B. and Smith, D.L. Damage-Tolerant Composite Materials Produced by

Stitching Carbon Fabrics, in 21st SAMPE Technical Conference, 1989.

Dow, M.B. and Smith, D.L. An Evaluation of Stitching Concepts for Damage-

Tolerant Composites, in Fibertex 1988, 1989, NASA CP 3038.



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

209

Pelstring, R.M. and Madan, R.C. Stitching to Improve Damage Tolerance of

Composites, in 34th International SAMPE Symposium, 1989.

Liu, D. Delamination Resistance m Stitched and Unstitched Composite Plates

Subjected to Impact Loading, Journal of Reinforced Plastics and Composites,

1990, Vol. 9(Jan.).

Liu, D. Delamination in Stitched and Nonstitched Composite Plates Subjected to

Low-Velocity Impact, in American Society for Composites 2rid Technical

Conference, 1987.

Farley, G.L., Smith, B.T., and Maiden, J. Compression Response of Stitched and

Integrally Woven Through-the-Thickness Reinforced Composite Materials,

Journal of Reinforced Plastics and Composites, 1992, Vol. 1 l(No. 7).

Rossi, G.T. Evaluation of 3-D Reinforcements in Commingled, Thermoplastic

Structural Elements, in American Helicopter Society 45th Annual Forum, 1989.

Kullerd, S.M and Dow, M.B. Development of Stitched/RTM Composite Primary

Structures, in Second NASA Advanced Composites Technology Conference, 1991,

NASA CP 3154, 1992.

Portanova, M.A., Poe, C.C.J., and Whitcomb, J.D. Open Hole andPost Impact

Compression Fatigue of Stitched and Unstitched Carbon�Epoxy Composites,

NASA TM 102676, 1990.

Portanova, M.A., Poe, C.C.J., and Whitcomb, J.D. Open Hole andPost Impact

Compression Fatigue of Stitched and Unstitched Carbon�Epoxy Composites,

Composite Materials; Testing and Design, ASTM STP 1120, 1990.

Kullerd, S.M. The Combined Effects of Glass Buffer Strips and Stitching opt the

Damage Tolerance of Composites, in Third NASA Advanced Composites

Technology Conference, 1992, NASA CP 3178, Vol. 1, 1992.

Madan, R.C. Influence ofLow-Velocity Impact on Composite Structures,

Composite Materials: Fatigue and Fracture, ASTM STP 11 I0, American Society

for Testing and Materials, Philadelphia, 1991.

Dickinson, L.C. A Desig71ed Experiment in Stitehed/RTM Composites, in 7bird

NASA Advanced Composites Technology Conference, 1992, NASA CP 3178, Vol.
1 Part 1.

Dickinson, L.C. Effects of Stitching Parameters on Mechanical Properties and

Damage Tolerance of Stitched/RTM Composites, in The Fourth NASA Advanced

Composites Technology Conference, 1993, NASA CP 3229, Vol. 1 Part 1, 1993.

Portanova, M. Impact Testing of Textile Composite Materials, in The Mechanics

of Textile Composites Conference, 1994, NASA CP 3311, Part 2, 1995.

Sharma, S.K. and Sankar, B.V. Effects of Through-the-ThicloTess Stitching on

Impact and hlterlammar Fracture Properties of Textile Graphite�Epoxy

Laminates, NASA CR 195402, 1995.



210

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Poctanova, M.A. Evaluation of the Impact Response of Textile Composites,

NASA CR 198265, 1995.

Jackson, W.C. and Portanova, M. Out of Plane Properties, in The Mechanics of

Textile Composites Conference, 1994, NASA CP 3311, Pact 2, 1995.

Kang, T.J. and Lee, S.H. Effect of Stitching on the Mechanical and lmpact

Properties of Woven Laminate Composite, Journal of Composite Materials, 1994,

Vol. 28(No. 16).

Cholakara, M., Jang, B.Z., and Wang, C.Z. Mechanical Properties of 3-D

Composites, in Society of Plastics Engineers 47th Technical Conference and

Exhibits, 1989.

Ogo, Y. The Effect of Stitching on In-Plane and hlterlaminar Properties of

Carbon- Epoxy Fabric Laminates, Report Number CCM-87-17, 1987.

Morales, A. Structural Stitching of Textile Preforms, in 22nd SAMPE Technical

Conference, 1990.

Sharma, SK. and Sankar, B.V. Effect of Stitching opt Impact and blterlaminar

Properties of Graphite�Epoxy Laminates, in Ninth Technical Conference of the

American Society for Composites, 1994.

Jain, L.K and Mai, Y.-W. On the Equivalence of Stress Intensity and Energy

Approaches in Bridging Analysis, Fatigue and Fracture of Engineering Materials

and Structures, 1994, Vol. 17(No.3).

Shu, D. and Mai, Y.-W. Effect of Stitching opt Interlammar Delammation

Extension in Composite Laminates, Composites Science and Technology, 1993,

49.

Jain, L.K. and Mai, Y.-W. On the effect of Stitching opt Mode I Delamination

Toughness of Laminated Composites, Composites Science and Technology, 1994,

51.

Chen, V.L., Wu, X.X., and Sun, C.T. Effective Interlaminar Fracture Toughness

in Stitched Lammates, in 8th Annual Technical Meeting of the American Society

of Composites, 1993.

Farley, G.L. A Mechanism Responsible for Reduc#1g Compression Strength of

Through-the-Thickness Reinforced Composite Material, Journal of Composite

Materials, 1991, Vol. 26, No. 12.

Farley, G.L. and Dickinson, L.C. Mechanical Response of Composite Materials

With Through-the- Thicloless Reinforcement, in Fiber- Tex 1991, 1992, NASA CP

3179.

Farley, G.L. and Dickinson, L.C. Removal of Surface Loop From Stitched

Composites Can Improve Compression and Compression After Impact Strengths,

Journal of Reinforced Plastics and Composites, 1992, Vol. 11, No. 6(June).



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

211

Reeder,J.R. Stitch#Tg vs. A Toughened Matrix: Compression Strength Effects,

Journal of Composite Materials, 1995, Vol. 29, No. 18.

Reeder, J.R. Comparison of the Compressive Strengths for Stitched and

Toughened Composite Systems, NASA TM 109108, 1994.

Jenq, S.T. and Sheu, S.L. High Strain Rate Compressional Behavior of Stitched

and Unstitched Composite Laminates With Radial Constraint, Composite

Structures, 1993, Vol. 25.

Jang, B.Z., Suhling, J,, Valoire, B., and Zee, R.H. Optimization of Fracture

Resistance #1 Composites, Final Report to US Army, Contract Number DAA! 03-

86-G-0211, 1989.

Cholakara, M.T., Jang, B.Z., and Wang, CZ. Deformation andFaih_re

Mechanisms #1 3D Composites, in 34th International SAMPE Symposium, 1989.

Jang, B.Z., Shih, W.K., and Chung, W.C. Mechanical Properties of

Multidirectional Fiber Composites, Journal of Reinforced Plastics and

Composites, 1989, Vol 8, Nov.

Chung, W.C., Jang, B.Z., Chang, T.C., Hwang, L.R., and Wilcox, R.C. Fracture

Behavior in Stitched Multidirectional Composites, Materials Science and

Engineering, 1989, A112.

Jang, B.Z, Cholakara, M., Jang, B.P., and Shih, W.K. Mechanical Properties in

Multidimensional Composites, Mid-January, Polymer Engineering and Science,

1991, Vol. 31, No. 1.

Adanur, S. and Tsao, Y.P. Stitch Bonded Textile Structural Composites, in 25th

International SAMPE Technical Conference, 1994.

Billaut, F. Mechancial Behavior of 3-D Graphite�Epoxy Composites, in American

Society for Composites Ninth Technical Conference, 1994.

Du, X., Xue, F., and Gu, Z. Experimental Study of the Effect of Stitching on

Strength of a Composite Laminate, in International Symposium on Composite

Materials and Structures, 1986, Beijing, China.

Minguet, P.J., Fedro, MJ., and Gunther, C.K. Test Methods for Textile

Composites, NASA CR 4609, 1994.

Wolterman, R.L., Kennedy, J.M., and Farley, G.L. FatigTle Damage in Thick,

Cross-Ply Laminates with a Center Hole, Composite Materials: Fatigue and

Fracture, Fourth Volume, ASTM STP 1156, 1993.

Cox, B.N., Carter, W.C., Dadkhah, M.S., and Fleck, N.A. A Failure Model for

Textile Composites, in The Fourth NASA Advanced Composites Technology

Conference, 1993, NASA CP 3229, Voi. 1, Part 2.

Moon, D.G. and Kennedy, J.M. Predicting Post-Impact Damage Growth and

FatigTte Failures in Stitched Composites, in Ninth Technical Conference of the

American Society for Composites, 1994.



100.

212

98. Lubowinski, S.J. and Poe, C.C.J. Fatigue Characterization of Stitched

Graphite�Epoxy Composites, in Fibertex 1987, 1988, NASA CP 3001.

99. Vandermey, N.E., Masters, J.E., Poe, C.C., and Morris, DH. Compression -

Compression Fatigue of a Stitched Uniwoven Graphite�Epoxy Composite,

Compression Response of Composite Structures, ASTM STP 1185, 1994.

Vandermey, N.E., Morris, D.H., and Masters, J.E. Damage Development Under

Compression - Compression Fatigue Loading #1 a Stitched Uniweave

Graphite�Epoxy Composite Material, CCMS-91 - 16, VPI-E-91 - 14, 1991.

101. Cox, B.N., Dadkhah, M.S., and Inman, R.V. Micromechanics ofFatigTle m

Woven and Stitched Composites, in First NASA Advanced Composites Technology

Conference, 1990, NASA CP 3104, Part 2, 1991.

102. Whiteside, J.R., DeIasi, R.J., and Schuite, R.L. Measurement of Preferental

Moisture Ingress in Composite Wing�Spar Joints, Composites Science and

Technology, 1985, Voi 24.

103. Cano, R.J. and Furrow, K.W. Effects of Temperature and Humidity Cycling on

the Strengths of Textile Reinforced Carbon�Epoxy Composite Materials, in Third

NASA Advanced Composites Technology Conference, 1992, NASA CP 3178, Vol.

1, 1992.

104. Cano, R.J., Furrow, K.W., and Loos, A.C. Environmental Effects on Textile

Reinforced Carbon�Epoxy Composite Materials, in Fourth NASA/DoD Advanced

Composite Technology Conference, 1993, NASA CP 3229, Voi. 1, Part 2, 1993.

105. Furrow, K.W., Loos, A.C, and Cano, R.J. Environmental Effects on Stitched

RTM Uniwoven Coomposites, in 39th International SAMPE Symposium and

Exhibition, 1994.

106. Walker, J., Roundy, L., and ]Goering, J. Effects of thermal And Moisture Cycling

on the hTternal Structure of Stitiched R TM Laminates, in Third NA SA Advanced

Composites Technology Conference, 1992, NASA CP 3178, Vol. 1, Part 1, 1992.

107. Hipp, R.C., Renze, S.P., Saff, C.R., and Walker, J.V. Effects of Environment on

Textile Composites, in Fourth NASA/DoD Advanced Composite Technology

Conference, 1993, NASA CP 3229, Vol. 1, Part 1, 1993.

108. Hyer, M.W., Lee, H.H., and Knott, T.W. A Simple Evaluation of Thermally-

blduced Stresses in the Vicinity of the Stitch in a Through- Thic_mss Reinforced

Cross-Ply Laminate, CCMS-94-05, VPI-E-94-05, NASA CR 196317, 1994.

109. Shim, S.-B., Ahn, K., Seferis, C., J., Berg, A.J., and Hudson, W. Cracksand

Microcracks in Stitched Structural Composites Manufactured with Resin Film

Infi_sion Process, Journal of Advanced Materials, 1995, Vol. 26, No. 4(July).

110. Barrett, D.J. The Analysis of A Z-Fiber Reinforced Plate, NAWCADWAR-95-

12-TR, 1995.

111. Long, E.R.J. Enhancement of Ultrasonic Images of Defects in 3-D Composites,

Journal of Reinforced Plastics and Composites, 1994, Vol. 13(March).



121.

122.

123.

124.

125.

213

112. Long, E.R.J., Kullerd, S.M, Johnston, P.H., and Madaras, EI. Ultrasonic

Detection and ldentification of Fabrication Defects in Composites, in First NASA

Advanced Composites Technology Conference, 1990, NASA CP 3104, Part 2,

1992.

113. Miller, J.G. Physical Interpretation and Development of Ultrasonic

Nondestructive Evaluation Techniques Applied to the Quantitative

Characterization of Textile Composite Materials, Semiannual Progress Report for

NASA Grant Number NSG- 1601, 1993.

114. Smith, B.T. , Semi-Annual Report for NASA Grant NAG- 1-1063, 1990.

115. Caneva, C., Oiivieri, S., Santuili, C., and Bonifazi, G. Impact Damage Evaluation

on Advanced Stitched Composites by Means of Acoustic Emission and Image

Analysis, Composite Structures, 1993, Vol. 25.

116. Liu, D. Photoelastic Study on Composite Stitching, Experimental Techniques,

1990, Vol. 14(Feb.).

117. Hawley, A.V. Pre#minary Design of an Advanced Technology Composite Wing

for a Transport A ircraft, in 53rd Annual bTternational Conference on Mass

Properties Engineering, 1994, SAWE Paper no. 2235, 1994.

118. Shu, D. and Mai, Y.-W. Delamination Buck#ng with Bridging, Composites

Science and Technology, 1993, Vol. 47.

119. Flanagan, G. Development of Design Guide#nes for Stitching Skins to

Substructure, in The Fourth NASA Advanced Composites Technology Conference,

1993, NASA CP 3229, Vol. 1, Part 1, 1993.

120. Cox, B.N. Fundamental Concepts m the Suppression of Delamination Buckling

by Stitching, in Ninth DoD/NASA/FAA Conference on Fibrous Composites in

Structural Design, 1991.

Cox, B.N. Delamination And Buckling in 3D Composites. Journal of Composite

Materials, 1994, Vol. 28, No. 12.

Drummond, T. and Krasnitz, R. Advanced Stitching Technology, for the

Composite bldustry, in I_Tbertex 1989, 1989, NASA CP 3089, 1989.

Cox, B.N. and Fianagan, G. Handbook of AnalyticalMethodsfor Textile

Composites; Version I. 0, 1996.

Cox, B.N., Dadkhah, M.S., Inman, R.V., Morris, W.L., and Schroeder, S.

Mechanisms of Compressive Faihtre in Woven Composites and Stitched

Laminates, in Ninth DoD/NASA/FAA Conference on Fibrous Composites in

Structural Design, 1991.

Cox, B.N., Dadkhah, M.S., Inman, R.V., Morris, W.L., and Zupon, J.

Mechanisms of Compressive Faihtre in 3D Composites, Acta Metallurgica et

Materialia, 1992, Vol. 40, No. 12.



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

214

Huang, S.L., Richey, R.J., and Deska, E.W. Cross Reinforcement in a GR/EP

Laminate, in ASME Winter Annual Meeting,, 1978.

Krasnov, V.I., Kusnetsov, V.A., and Maksakov, A.Y. Automated Method of

Transverse Reinforcement of Composites by Short Fibers, Translated from

Mekhanika Kompozitnykh Materialov, 1987, No. 3(May-June).

Evans, D.A. and Boyce, J.S. Transverse Reinforcement Methods for Improved

Delamination Resistance, in 34th International SAMPE Symposium, 1989.

Freitas, G., Magee, C:, Boyce, J., and Bott, R. Service Tough Composite

Structures Using the Z-Direction Reinforcement Process, in Ninth

DoD/NASA/FAA Conference on Fibrous Composites in Structural Design, 1991.

Freitas, G. Z-Fiber Insertion Process for Improved Damage Tolerance in Aircraft

Laminates, in 25th International SAMPE Technical Conference, 1993.

Freitas, G., Magee, C., Dardzinski, P., and Fusco, T. Fiber b_sertion Process for

Improved Damage Tolerance in Aircraft Laminates, Journal of Advanced

Materials, 1994, Vol. 25, No. 24(July).

Freitas, G., Fuaco, T., Campbell, T., Harris, J., and Rosenberg, S. Z-tZTber

Technology and Products for Enhancing Composite Desig71, in AGARD, 1996.

Tomashevskii, V.T., Sitnikov, S.Y., Sfialygin, V.N., and Yakovlev, V.S. A

Method of Calculating Technological Regimes of Transversal Reinforcement of

Composites with Short-Fiber Microparticles, Translated from Mekhanika

Kompozitnykh Materialov, 1989, No. 3(May-June).

Tomashevskii, V.T., Shalygin, V.N., Romanov, D.A., and Sitnikov, S.Y.

Transversal Reinforcement of Composite Materials using Ultrasonic Vibrations,

Translated from Mekhanika Kompozitnykh Materialov, 1987, No. 6(Nov.-Dec.).

Raju, I.S., Foye_ F.L., and Awa, V.S. A Review of Analytical Methods for Fabric

and Textile Composites, Composite Structures, Testing, Analysis and DesiKn, J.N.

Reddy and K.A.V. Murty, Editors, Narosa Publishing House, New Delhi, India,

Bangal0re , India, 1992.

Falzon, P.J., Herszberg, I., and Baker, A.A. Stiffness Analysis of Textile

Composites, in 5th Australian Aeronautical Conference, 1993.

Gowayed, Y.A. and Pastore, C.M Analytical Techniques for Textile Structural

Composites: A Comparative Study of US-USSR Research, in Fiber-Tex 1999,

1990, NASA CP 3128, 1991.

Naik, R.A. Analysis of Woven and Braided Fabric Reinforced Composites,

NASA CR 194930, 1994.

Naik, R.A. Failure Analysis of Woven and Braided Fabric Reinforced

Composites, NASA CR 194981, 1994.

Cox, B. Faihtre Models for Textile Composites, NASA CR 4686, 1995.



215

141. Cox,B.N., Carter,W.C, andFleck,N.A. A Binary Model of Textile Composites-

-I Formulation, Acta Metallurgica et Materialia, 1994, Vol. 42, No. 10.

142. Xu, J., Cox, B.N., McGlockton, M.A., and Carter, W.C. A BmaryModel of

Textile ComposJtes--I the Elastic Regime, Acta Metallurgica et Materialia, 1995,

Vol. 43, No. 9.

143. Flanagan, G. and Furrow, K. Parametric Studies of Stitching Effectiveness for

Preventing Substructure Disbond, in Fifth NASA Advanced Composites ,

Technology Conference, 1994, In Press.

144. Bennett, G.R. A Parametric Study of the Global Stiffness and Stress

Concentrations of Through-The-Thickness Reinforced Composite Laminae Using

A Representative Volume Element Approach, M.S., Virginia Polytechnic Institute

and State University, DraIt.

145. Barrett, D.J. A Micromechanical Model for the Analysis of Z-Fiber

Reinforcement, in 37th AIAA SDM Conference, 1996.

146. Cox, B.N. and Marshall, D.B. Overview No. 111: Concepts for Bridged Cracks

in Fracture and Fatigue, Acta Metailurgica et Materialia, 1994, Vol. 42 No. 2.

147. Cox, BN., Massabo, R., and Kedward, K.T. The Suppression of Delaminations

in Curved Structures by Stitching, Composites, Submitted Oct. 1995, In Press.

148. Cox, B., He, M., Massabo, R., and Mumm, D. Desi_T Models for Through-

Thiclo2ess Reinforcement of Laminated Composites (Extended Abstract), in

ASME International Mechancial Engineering Congress and Exposition, Advanced

Materials: Development, Characterization, Processing, and Mechanical Behavior

(Book of Abstracts), 1996, Atlanta, GA.

149. Massabo, R. and Cox, B.N. Concepts for BridgedMode H Delamination Cracks,

Mechanics of Materials, Submitted April, 1996.

150. Ugural, A.C. and Fenster, S.K. Advanced Strength and Applied Elasticity.

Second SI Edition ed. 1987, New York, NY: Elsevier Science Publishing Co. Inc.

151. Whitney, J.M. Structural Analysis of Laminated Anisotropic Plates. 1987,

Lancaster, PA: Technomic Publishing Company, Inc.

152. Marrey, R.V. and Sankar, B.V. Micromechancial Models for Textile Structural

Composites, NASA CR 198229, 1995.

153. Naik, R.A. Micromechanical Combined Stress Analysis - Micstran, A User

Manual, NASA CR 189694, 1992.

154. Naik, R.A. and Crews, J.H.J. Closed-Form Analysis oftqber-Matrix hlterface

Stresses Under Thermo-Mechanical Loadings, NASA TM 107575, 1992.

155. Naik, R.A. TEXCAD--TextJle Composite Analysis for Design1; Version 1.0 User's

Manual, NASA CR 4639, 1994.

156. Minguet, P.J. and O'Brien, T.K. Analysis of Test Methods for Characterizing

Skin�Stringer Debonding Failures in Reinforced Composite Panels, Composite



Materials:TestingandDesign,ASTM STP 1274, R.B. Deo and C.R. Saff,

Editors, American Society for testing and Materials, 1996.

216



217

VlTA

Larry C. Dickinson was born in Hickory, North Carolina on June 3 rd, 1966. He

graduated Valedictorian from Fred T. Foard High School in June 1984. He then attended

North Carolina State University, earning three degrees: B.S. in Textile Engineering

(Summa Cure Laude) in May 1988, B.S. in Mechancial Engineering (Magna Cum Laude)

in May 1990, M.S. co-major in Textile Engineeing and Mechanical Engineering in

December 1990. From October 1990 through October 1994 he worked for Lockheed

Martin Engineering and Sciences Company as a research engineer supporting three

different branches of the Materials Division of NASA Langley Research Center, Hampton

Virginia. In November 1994 he was accepted as a full time student in the Applied Science

Department, College of William and Mary, Williamsburg, Virginia. Upon completion of

the requirements for the degree of Doctor of Philosophy, he will assume a position of

Project Engineer with Foster-Miller Inc., Waltham, Massachusetts.


